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3ABSTRACT
Estrogens are endogenous hormones, which exert diverse biological effects on mammals. The
metabolites that form when they undergo oxidative metabolism can influence cancer formation by
preventing or promoting tumor formation. The most potentially useful estrogen metabolite in the
prevention of cancer is 2-methoxyestradiol, which has shown to prevent tumor growth in various cell
lines. It is currently under clinical trial. Hydroxyestrone metabolites, in contrast, can form adducts with
DNA and thus induce cancer formation. In this study, a new synthesis route, in four steps, was
developed for the estrogen metabolite 2-methoxyestradiol. The metabolite 2-hydroxyestradiol was
obtained using a modified synthesis strategy.
Because estrogen metabolites have divergent biological effects, it is important to quantify their
occurence in biological samples. Isotopically labeled estrogens are required as internal standards in the
quantitation of estrogens by the isotope dilution GC/MS SIM analysis method. A new deuterium-
labeling method (CF3COOD), with high isotopic purity was developed for estrone and other
oxoestrogen metabolites. The corresponding deuterated estradiols were synthesized using a LiAlD4
reduction method. Deuteration under microwave irradiation was investigated and found to to reduce the
reaction times significantly as compared with traditional heating. Deuteration of estrone with Pd/C and
D2 in EtOAc was shown to cause reduction of the aromatic ring of the estrone. The product was d8-
deuterated estrane-3,17-dione, the first estrane-3,17-dione product to be identified in metal-catalyzed
hydrogenation of estrone, which normally produces estrane-3,17-diols.
Estrogen fatty acid esters are considered to function in a hormonal storage capacity in lipoproteins and
they inhibit in vitro lipoprotein oxidation. Five deuterated estrone fatty acid esters (palmitate, stearate,
oleate, linolate, and linolenate) and ten deuterated estradiol mono- and diesters were synthesized for the
first time. The new microwave irradiation technique was utilized in their synthesis.
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71. INTRODUCTION
Estrogens are female sex hormones, belonging to a group of steroids, and they are responsible for the
sexual characteristics of the female.1 They also have effects on bone, cardiovascular system, brain, and
skin. The main human estrogens are estrone (E1) 1, estradiol (E2) 2, and estriol (E3) 3 (Fig. 1).
Biologically the most active and abundant estrogen is estradiol 2. The estrogen actions occur through
the binding of the estrogens to estrogen receptors. The estrogen receptors α and β — the latter found by
Gustafsson’s group2 in 1996 — are present in various tissues. Estrogen fatty acid esters are a lipophilic
form of estrogens, thought to function as estrogen storage in adipose tissue. Estrogens are also
produced in the male and they play an important role in spermatogenesis, cardiovascular health and
bone homeostasis.3 Estrogens are found in the endocrine systems of all vertebrates.4 The horse
produces special estrogens, namely equilin 4 and equilenin 5 (Fig. 1). Estrogens also occur in the plant
kingdom, in small quantities for example in pomegranate (Punica granatum), date palm (Phoenix
dactylifera), beans (Phaseolus vulgaris), and olive tree (Olea europea). Their role in plants is not yet
clear.5,6
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Figure 1. Structures of the main human estrogens estrone 1, estradiol 2, and estriol 3, together with
horse estrogens equilin 4 and equilenin 5.
Estrone 1 was first isolated from pregnancy urine and crystallized in 1929 concurrently by two groups,
Doisy in the United States and Butenandt in Germany.7 Estriol 3 was isolated in 1930 and estradiol 2 in
1936. Estrone 1 (Latin oestrus meaning frenzy) was originally named theelin (Greek thelon for female),
and estriol 3 was called theelol.8 Anner and Miescher9 announced the first total synthesis of estrone 1 in
1948. Although estrogens have been studied for almost a century, the research continues. Estrogen
metabolites and derivatives have been subjects of great interest and will be discussed in Section 1.3
below. The metabolite 2-methoxyestradiol 6 is an especially promising antitumor agent as well as a
potential drug candidate.10
8Oral and transdermal estrogens are used in hormone replacement therapy (HRT), usually together with
progesterone, to relieve menopausal symptoms in women. The benefits and risks of HRT have been
extensively evaluated. HRT has beneficial effects on osteoporosis and it is protective against
cardiovascular disease, but it increases the risk of breast cancer and may cause thromboembolic
disease.11 Whereas synthetic estrogens are used in HRT in Europe, conjugated equine estrogens
extracted from urine of the pregnant horse are common in the United States.12 These equine products
comprise several different estrogens, which are further converted to various metabolites.13,14
The work for this thesis comprised the development of methods for the synthesis of deuterated estrogen
metabolites and fatty acid esters in high isotopic purity with microwave irradiation technique.
Isotopically labeled estrogens are useful in reaction mechanistic studies, structure elucidation
(especially in MS and NMR studies), biosynthetic studies, metabolism studies and quantitative
analysis. Although the deuterated compounds have different physical constants from their unlabeled
counterparts, their retention times and other chromatographic properties are the same. The compounds
that were synthesized in this are being applied in the quantitation of endogenous estrogens in biological
fluids.
The literature review that follows begins with an explanation of estrogen nomenclature and a
description of the biosynthesis of estrogens in women. The relationship between estrogen metabolism
and cancer is of great current interest and some recent findings in this area are reviewed. Reliable
methods of determining estrogens are crucial to revealing the relationship, and the most important
methods are described. As background to the synthetic work reported in Chapter 3, earlier work on the
deuteration and tritiation of estrogens and estrogen fatty acid esters is reported, and published methods
for the synthesis of 2-methoxyestradiol 6 are discussed.
1.1 Nomenclature of estrogens
Estrogens (alternatively oestrogens, UK) belong to a large group of steroids, characterized by their
possession of the cyclopenta[a]phenanthrene skeleton. IUPAC has presented recommendations for the
nomenclature of steroids.15 Numbering and labeling of the four rings (A, B, C, D) in Fig. 2 are
presented in accordance with IUPAC recommendations for the nomenclature of steroids. The
stereochemistry of steroids is presented using symbols α (behind the plane) and β (in front of the
9plane). Estrogens are based on the estrane 7 skeleton (Fig. 2), which lacks the C-19 methyl group
typical for other steroids such as testosterone 8 . The A ring of estrogens is aromatic, which
distinguishes estrogens from other steroids.
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Figure 2. The numbering of estrogens, the structure of the estrane skeleton, and the structure of an
androgen, testosterone 8, with C-19 methyl group.
Although IUPAC rules are the basis for steroid nomenclature, estrogens are commonly known by their
trivial names. CAS and Beilstein databases utilize slightly different systematic steroid names, and both
systems differ from the IUPAC system (Table 1). Where possible, the trivial names are employed in
this thesis.
Table 1. Nomenclature of the most common estrogens
Trivial name IUPAC name CAS name
Estradiol 2 Estra-1,3,5(10)-triene-3,17β-diol Estra-1,3,5(10)-triene-3,17-diol -(17β)
Estrone 1 3-Hydroxyestra-1,3,5(10)-trien-17-one Estra-1,3,5(10)-trien-17-one -3-hydroxy
Estriol 3 Estra-1,3,5(10)-triene-3,16α,17β-triol Estra-1,3,5(10)-triene-3,16,17-triol
Equilin 4 3-Hydroxyestra-1,3,5(10),7-tetraen-17-one Estra-1,3,5(10),7-tetraen-17-one, 3-hydroxy-
Equilenin 5 3-Hydroxyestra-1,3,5,6,8-pentaen-17-one Estra-1,3,5,7,9-pentaen-17-one, 3-hydroxy-
2-Hydroxyestradiol 9 Estra-1,3,5(10)-triene-2,3,17β-triol Estra-1,3,5(10)-triene-2,3,17-triol, (17β)
2-Hydroxyestrone 10 2,3-Dihydroxyestra-1,3,5(10)-trien-3-one Estra-1,3,5(10)-trien-17-one, 2,3-dihydroxy-
2-Methoxyestradiol 6 2-Methoxyestra-1,3,5(10)-triene-3,17β-diol Estra-1,3,5(10)-triene-3,17-diol, 2-methoxy-,
(17β)-
2-Methoxyestrone 11 2-Methoxy-3-hydroxyestra-1,3,5(10)-trien-3-
one
Estra-1,3,5(10)-trien-17-one, 3-hydroxy-2-
methoxy-
10
1.2 Estrogen biosynthesis
Estrogens are the end products of a long biosynthetic pathway starting from squalene and proceeding
through cholesterol 12 to androgens (Scheme 1).16 The biosynthetic pathway has been studied by
adding, in vivo or in vitro, 14C-labeled cholesterol, progesterone or androgens and detecting the formed
radiolabeled estrogen.17 Testosterone 8 is oxidized twice at C-19 by steroid 19-hydroxylase and then
aromatized by aromatase (CYP 19) to estradiol.16 17β-Hydroxysteroid dehydrogenase (17β-HSD) is
responsible for the interconversion of estradiol and estrone. The reductive isoform 17β-HSD type 1
converts E1 1 to E2 2, and the oxidative isoform 17β-HSD type 2 acts in the opposite way. In women,
estrogen biosynthesis occurs mainly in the ovaries in premenopausal women and in adipose tissue in
the post menopausal women, but also local biosynthesis occurs in a number of sites including in breast,
brain, and bone.18
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Scheme 1. Estrogen biosynthesis in the ovary.16 Enzymes in the scheme: CYP11A1 (cholesterol side
chain cleavage enzyme), CYP17 (17α-hydroxylase or 17,20-lyase). 3β-HSD (3β-hydroxysteroid
dehydrogenase), 17β-HSD (17β-hydroxysteroid dehydrogenase), and CYP19 (aromatase).
1.3 Estrogen metabolism and cancer
Already by the end of the nineteenth century, it was recognized that estrogens possess a growth
stimulating effect on breast tumors,19 and it is now known that about 95% of breast cancers are
hormone-dependent.20 Estrogens also cause endometrial and ovarian cancer and other hormonal
cancers. Estrogens may promote carcinogenesis by estrogen receptor induced cell proliferation or by
genotoxic mechanisms.21 Despite numerous studies, neither the mechanism of estrogen activity in
11
cancer nor the involvement of estrogen metabolites is entirely clear. Some of the latest research on the
relationship between estrogen metabolism and cancer is reported below.
1.3.1 Estrogen metabolism
The oxidative metabolism of estrogens is performed by cytochrome P450 enzyme families mainly in
the liver. Oxidation by P450 isoforms can occur at almost every position in the estrogen skeleton (Fig.
3), and over 40 metabolites have been identified in biological samples from humans or animals or in
vitro incubations.22 In humans, estrogen metabolism consists mainly of the 15 metabolites shown in
Scheme 2. C-6 Hydroxylation is not common in humans and C-7 metabolites have been found only in
animals.
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Figure 3. Human cytochrome P450 enzyme isoforms, shown in the boxes, are responsible for the
oxidation of estradiol and estrone at various positions.23
Several pathways can be distinguished in estrogen metabolism, the main ones being the 2-
hydroxylation and 16α-hydroxylation pathways shown in Scheme 2. A minor pathway is the 4-
hydroxylation pathway. The O-methylation of catechol estrogens is catalyzed by catechol-O-
methyltransferase (COMT). Eventually the metabolites are converted to inactive, water-soluble
glucuronides and sulfates and excreted in the urine or feces.
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Scheme 2. The metabolic scheme of estrogens in woman.24,25
1.3.2 Ratio of 2-hydroxylation and 16α-hydroxylation
16α-Hydroxyestrone (16α-OHE1) 13 has high affinity to the estrogen receptor and, through Schiff
base formation with amino-containing macromolecules forms the undesirable 16-keto-17β-amino
estrogen adduct.22 The formation of the estrogen metabolites 2-hydroxyestrone (2-OHE1) 10 and 16α-
hydroxyestrone 13 in humans has been of great interest in recent years,26 as there is evidence to suggest
that low urinary ratio of 2-OHE1 to 16α-OHE1 may be a biomarker of breast cancer risk. The
measurement of the ratio is performed with the immunoassay ELISA kit.27 Two cohort studies have
nevertheless shown no significant correlation between the 2-OHE1/16α-OHE1 ratio and cancer
risk.28,29 Although the 2-hydroxylation route is clearly the more beneficial one and 16α-hydroxylation
the less favorable metabolism pathway, there are so many other factors involved in the induction of
breast cancer that this single test cannot yet be considered.
1.3.3 4-Hydroxyestrogens and cancer
Catechol estrogens, especially 4-hydroxyestrogens, are carcinogenic. The carcinogenic activity is based
on the reactive oxidation products, estrogen-3,4-quinones, which are able to form adducts with
DNA,30,31 and thereby to generate mutations and initiate cancer. Thus levels of 4-hydroxyestrogens and
13
their quinone conjugates could be additional biomarkers of breast cancer risk.31 Although 2-
hydroxyestradiol 9 can act in the same way, it is not considered carcinogenic. Reasons why it is not,
could be the faster methylation rate of 9 to the 2-methoxyestradiol 6, the more rapid clearance of 9, the
stability of the formed DNA adducts, or the weaker hormonal potency in target tissues.32
1.3.4 2-Methoxyestradiol
The methoxy estrogens lack the estrogenic effects in uterus and have low binding affinity to estrogen
receptor.32 However they bind strongly to sex hormone binding globulin (SHGB). 2-MeOE2 6 is a
most interesting estrogen metabolite since it has anticarcinogenic effects. It inhibits tubulin
polymerization, colchicine binding to tubulin, and angiogenesis.33 As well, it has been shown to inhibit
the proliferation of several types of carcinoma cells in vitro including those found in breast cancer, skin
tumor, lung cancer, prostate carcinoma, colon carcinoma, and melanoma. In in vivo studies in mice, it
has inhibited the growth of sarcoma, melanoma, an ER negative breast carcinoma, and lung carcinoma.
All these studies have been made with higher than biological dose of 2-MeOE2 6. 2-Methoxyestradiol
6 is a potential drug candidate10 for breast and prostate cancer and is under clinical trials under the
name Panzem™.34 In vivo studies with rats suggest that 2-hydroxyestradiol 9 is a possible prodrug for
6.35
1.4 Structural and quantitative analysis of estrogens
Progress in cancer studies depends on reliable methods for structural and quantitative analysis of
estrogens.
1.4.1 Structural elucidation
Structures of estrogens are most effectively elucidated by MS and NMR methods, as described below.
Mass fragmentation studies of steroids and other natural compounds date back to the 1960s particularly
to the work of Djerassi. His series of articles under the title "Mass spectrometry in structural and
stereochemical problems" number no less than 262. The mass fragmentation can be followed with the
aid of deuterated compounds. Comparison of the mass spectra of labeled and unlabeled compounds
reveals the mass difference between specific fragment ions, and since the positions of the labels are
known they indicate the origin of the fragment. The mass fragmentation of estrone methyl ether was
14
solved with the help of deuterated analogues in 1962.36 Twelve years later, Murphy37 reported the mass
fragmentation of estriol 3 using 2,4-deuterated estriol as reference compound (Scheme 3).
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Scheme 3. Mass fragmentation of estriol 3; m/z values in brackets represent fragments of 2,4-d2-
estriol.37
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Typically molecular ion M+ is the most abundant peak in EI spectra of estrogens.38 The most abundant
fragment ions are m/z 213 and m/z 172 (Scheme 3). Although estrogen metabolites with the same
molecular mass and different stereo- or regiochemistry, e.g. estriols, 2-OHE2 and 4-OHE2 (M=288),
are poorly differentiated by MS, the spectra often show some small differences.
NMR is by far the best technique for obtaining structural information about estrogens. The proton
spectra of 17β-estradiol 2 and 17α-estradiol have been assigned in homonuclear relayed coherence
transfer (RELAY)39 experiments. This pulse sequence helped to solve the problems of proton
overlapping occurring in correlated spectroscopy (COSY). The chemical shifts of the 13C spectra of
estrogens along with those of several hundred other steroids, were presented in 1977.40 Assignment of
carbons C-6 and C-8 was reversed in the early publications, but was corrected in 1990 with the then
available 2D experiments.41 With the further development of NMR techniques, 2D experiments became
a routine tool for determination of structures in estrogen chemistry.
1.4.2 Analytical techniques
Gas chromatography-mass spectrometry (GC/MS), liquid chromatography-mass spectrometry (LC/MS)
and various immunoassays are the three most useful quantification techniques for estrogens, and new
methods are continuously being published. It is clear that estrogen concentrations need to be
determined in biological samples (plasma, urine, semen, follicular fluid, hair) for medicinal purposes.
But they also need to be measured in wastewater samples42,43 since they can act as endocrine-disrupting
compounds in nature. Analytical methods for the determination of endogenous estrogens have recently
been reviewed by Giese.25 Physiological concentrations of estrogens in serum are presented in Table 2.
The low concentrations of E2 2 in men, children, and postmenopausal women pose challenges to the
method development.
Table 2. Concentrations of estrogens in women at different phases of menstrual cycle, in
postmenopausal women, in men, and in children.1,25
Subject E2 (pg/ml) E1 (pg/ml) E3 (pg/ml) 2-MeOE2 (pg/ml)10
Follicular 40-200 30-100 3-11 18-63
Preovulatory 250-500 50-200
Luteal 100-150 50-115 6-16 31-138
Postmenopausal
women
5-20 15-80 3-11 21-76
Men <30 10-6044 10-36
Children <5-45
16
1.4.2.1 GC/MS
GC/MS has been applied in steroid analysis since the 1960s and is still widely used.45 Isotope dilution
GC/MS with selected ion monitoring (ID-GC/MS SIM) has proven to be an especially good method
due to its good sensitivity.46,25 In SIM, one or more characteristic ions are chosen to be monitored
instead of the full scan of the mass range. ID-GC/MS SIM requires labeled internal standards, which
will be discussed in Section 1.4.3. The main advantages of GC/MS are accuracy, sensitivity, and
selectivity,47 advantages that have made the technique the standard with which immunoassay methods
are compared.48 The disadvantages of GC/MS are the laborious sample preparation procedures and
long analysis time, so that GC/MS is not practical for processing large numbers of samples. As the
retention times of estrogens in GC are relatively long, the samples have typically been silylated from
phenolic and aliphatic hydroxyl groups. More recently, HFB (heptafluorobutyryl), trifluoroacetyl, or
PFB (pentafluorobenzoyl) groups have been used for derivatization.25 Oxo groups have been
derivatized as oximes. PFB derivatives are especially useful in electron capture (EC) MS where they
form abundant molecular ions. In addition, the m/z value of the derivative is in a higher m/z region
(m/z 600-700) where there is less background noise.
Recent GC/MS methods for the quantitation of natural estrogens in biological samples are summarized
in Table 3. The methods for quantitation of estrogens in water samples have recently been reviewed42,43
and are not included in the table. Detection limits in wastewater samples are in the range 0.5-74 pg/ml.
Earlier electron ionization (EI) was the most widely used ionization technique but EC ionization (also
called negative ion chemical ionization (NI-CI)) has now almost totally replaced it in biological
analysis because of the better sensitivity. EC ionization is based on the use of derivatized compounds
containing highly electron-capturing moieties, e.g. fluorine in PFB and HFB. Selected ion monitoring
(SIM) mode is the most widely used scanning method. GC/MS/MS (ion trap) has been applied in water
analysis with detection limits 0.1-2.4 pg/ml, but not yet in the analysis of biological samples.
17
Table 3. GC/MS methods for quantition of estrogens in biological samples.
Matrix Analyte IS Derivative MSa Recovery
(%)
Detection
limit
Reference
Urine E1, E2, E3,
2-OHE1,
4-OHE1,
2-OHE2
EthinylE2
2,4-d2-E2 PFB CI (CH4), NI 84-101 100 pg/ml 200049
Newborn
urine
E1, E2, E3 5α-
cholestane
TMS-Me-
oxime
EI, PI 106-114 Not reported 200350
Bovine
urine
E2 d4-E3 3,17-PFB CI (CH4), NI 94-97 3.29-10x10
+1 b
200451
Plasma E2 d3-E2, d4-E2
or 13C-E2
3-TMS-17-
HFB
EI, PI 71 Not reported 198952
Plasma E3 2,4,17-d3-E3 3-PFB-
16,17-HFB
CI (CH4), NI, 95-106 5-650 pg/ml 200353
Plasma E2,
2-OHE2,
4-OHE2,
2-MeOE2,
4-MeOE2,
2-FluoroE2 3,17-PFP CI (CH4), NI Not
reported
250 pg/ml 200454
Serum E2 2,4,17-d3-E3 3,17-HFB EI, PI Not
reported
15 pg/ml 200255
Bovine
serum
E2 d4-E2 3,17-PFB EC (CH4), NI >80 5-500 pg/ml 200456
Hair E1, E2 Nandrolone CDFA EI, PI 85-98 0.24-1.3 ng/g 200057
a) The mass spectra were measured with quadrupole instrument in SIM mode. b) as presented in the paper
1.4.2.2 LC/MS
LC/MS, LC/MS/MS, and LC/RIA are newer analytical techniques for estrogens and a growing area of
application is the analysis of wastewater for estrogens.43 So far, none of these techniques has been
widely used in the quantitation of estrogens in human samples. Furthermore, a method for the
quantitation of all main estrogen metabolites (see Scheme 2) in a single sample has not yet been
developed.
Detection limits in GC/MS SIM and LC/MS and LC/MS/MS have recently been compared (Table 4).58
The detection limits of GC/MS and LC/MS/MS-ESI were found to be similar but the sensitivity of
LC/MS-ESI was slightly lower. The results obtained with SIM and selected reaction monitoring (SRM)
techniques in negative ion mode were about the same. There was a significant difference between the
ionization techniques in favor of ESI, but both ESI and APCI are being used in quantitation.25
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Table 4. Comparison of detection limits of estrogens (ng/ml) determined by GC/MS, LC/MS, and
LC/MS/MS.58
Estrogen GC/MS
-SIM
LC/MS-ESI-SIM
Single-quadrupole
LC/MS/MS-ESI-SIM
Triple-quadrupole
LC/MS-APCI-SIM
Triple-quadrupole
LC/MS/MS-ESI-SRM
Triple-quadrupole
E1 1 5 1 400 1
E2 3 10 1 100 1
E3 1 0.5 0.5 nd 1
E1-3-sulfate - - 0.1 200 0.1
As in GC/MS, deuterated internal standards are also used for quantification in LC/MS.44 Although
LC/MS analysis can be conducted with non-derivatized estrogens, derivatization often improves the
ionization and thus the sensitivity. Derivatization has been recently utilized in the quantitation of eight
oxoestrogens,59 and 2-OHE1 1 0  and 4-OHE1 1 460 have been measured as their p-
toluenesulfonhydrazones by LC/MS-ESI, and E1 1 and E2 2 as their dansyl derivatives in plasma by
LC/MS/MS-APCI.44 LC/MS allows the quantitation of conjugated estrogens, such as sulfates,
glucuronides, and DNA adducts;61 this is not possible with GC/MS. Quantitative HPLC-RIA62 and
LC/MS/MS methods have been developed for estrogen sulfates, with use of 2,4,16,16-d4-estradiol-3-
sulfate as internal standard for LC/MS/MS.63 HPLC with UV or DAD detector is not usually applied
for the quantification of estrogens because of the lack of a good chromophore; however, a LC method
for the determination of 2-methoxyestradiol 6 in plasma is reported with UV detection at 205 nm.64
Sensitivity was 1-50 ng/ml.
1.4.2.3 Immunoassays
Immunoassays rely on the recognition reaction between a specific antibody and the determinant in
antigen. Specific tracers are synthesized for the purpose, and linked to macromolecular carriers, such as
bovine serum albumin (BSA). Immunoassays are fast and therefore suitable for screening a large
number of samples. Disadvantages are the cross-reactivity and sometimes scarce availability of specific
antiserum. Moreover immunoassay kits are not commercially available for all possible metabolites and
conjugated estrogens. In radioimmunoassay (RIA), radiolabeled tracers (typically with 125I) are used,
and the recovery is estimated with tritiated estrogen standards. Enzyme-linked immunosorbent assay
(ELISA) is widely used for estrogens. Time-resolved fluoroimmunoassay (TR-FIA) relies on
europium65 or samarium labeled tracers, and DELFIA (dissociation-enhanced lanthanide
fluoroimmunoassay) is a widely used application of FIA. TRACE (Time-resolved amplified cryptate
emission) is an assay where the energy transfer takes place between two fluorescent tracers: a europium
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cryptate donor and an allophycocyanin acceptor, each of them binding to an antibody. Assays based on
chemiluminescence (CIA) or electrochemiluminescence are also available, including a new automated
immunoassay for E2 2 using bacterial magnetic particles.66 In a comparison of nine nonisotopic assays
and one RIA, the TRACE technique proved to be the most sensitive for 2.67 The detection limits for 2
varied between 3 and 37 pg/ml. Immunoassay kits are typically used without sample purification steps.
In a study68 where nine commercial kits for direct assay of 2 were compared with conventional RIA
with purification steps, the results of the direct assays differed from the results of conventional RIA by
-43 to +90%. The past few years have seen a growing need to validate and compare the sensitivity and
repeatability of different methods and commercial kits.67,69,70 For example, unconjugated estriol 3 is
found to interfere with the immunoassays of 2 causing bias from –35% to +60%.69 Moreover, the
detection limit of some assays may not be sufficient for the detection of the low concentrations of
estradiol in men and children.67 GC/MS analysis is a useful tool for testing the validity of
immunoassays.70
1.4.3 Deuterium labeled internal standards for GC/MS and LC/MS
Isotopically labeled estrogens are required as internal standards in GC/MS and LC/MS techniques.
Deuterium-labeled compounds where deuteriums are located in the steroid skeleton are particularly
suitable because their physical properties and retention times are almost identical with those of the
corresponding unlabeled compounds.45 In other types of internal standards, deuteriums are located in
the derivatized part, e.g. 3-OCD3 groups
71 or deuterated silyl groups46 in which case the recovery
values of sample preparation must be corrected with radiolabeled estrogen.
It would be ideal for the ID GC/MS SIM technique if for every analyte there was a corresponding
deuterated internal standard. The internal standard should then contain at least three deuterium labels to
avoid overlap in the spectrum with peaks of analytes.72 This is especially true for silyl derivatives since
they show fairly intense M+1 and M+2 ions owing to the large number of carbon and silicon atoms in
the molecule. Dehennin et al.52 claim that an optimal number of deuteriums in steroidal internal
standards is three or four, and more deuteriums in the molecule decrease the retention time
significantly. However no clean chromatographic separation of a deuterated compound from the
corresponding unlabeled compound has been reported for estrogens. Pinkus et al.73 were among the
first to use deuterium labeled 4-d1-estradiol as a GC/MS reference compound to estimate estrogen
production rates during pregnancy. The monodeuterated standard is not suitable because overlapping
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occurs with the M+1 peak (the natural abundance peak of 13C) of the analyte. The deuterated internal
standard should be of a high isotopic purity (ip) and the deuterium labels must not back-exchange
under the isolation and purification procedures before GC/MS assay of the sample. In principle, there is
a risk of back-exchange of deuteriums during sample isolation and purification, or during the analysis.
In a study of the stability of deuterium labels in incubation conditions, in acidic or basic derivatization
conditions, and during six months storage in non-polar solvents, Dehennin et al.52 observed no
significant change in the isotopic ratio (d0/d4). They also compared two different deuterium-labeled
standards (2,4,16,16-d4-E2 and 16,16,17α-d3-E2) with 
13C-E2 standard in the measurement of E2 2
concentrations, and found no difference in the results.74
1.4.4 Isotopic purity
Isotopic purity is important in the preparation of deuterated standard compounds since incomplete
deuterium labeling may produce several isotopologs which cannot be separated by chromatography.
There is considerable confusion in the way the amount of deuteriums is presented in the literature and
in suppliers' catalogs. The terms deuterium distribution and deuterium content are both used, and
deuterium content may refer to the total number of deuteriums in the molecule and not necessarily
indicate the percentage of the most abundant isotopolog. In addition to this, commercial suppliers do
not usually mention whether the isotopic purity was measured by MS or NMR, nor how it was
calculated. In this thesis, isotopic purity is indicated as the percentage of the most abundant d-species.
1.5 Labeling of estrogens with isotopes of hydrogen
This section discusses the labeling of estrogens with deuterium and tritium. Recent studies related to
deuterium labeling were reviewed by Junk and Catallo75 in 1997 and by Leis et al.76 in 1998. Thomas's
extensive book on deuteration methods appeared in 1971.77 Deuterium labeling of estrogens was
reviewed in 198178 and 1990.79 Since then, until the present workI no new deuteration methods for
estrogens have been published.
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1.5.1 Deuterium-labeling
Deuterium, the second isotope of hydrogen, was discovered by Urey and coworkers in 1932.80 Soon
after, study was made of  hydrogen-deuterium exchange reactions in the presence of D2O and acid or
base catalyst and the deuteration of aromatic protons was shown to be an electrophilic aromatic
substitution reaction.81 The title of first deuterated estrogen goes to 6,7-d2-estrone acetate,
82 which was
prepared in 1950 from 6-dehydroestrone acetate by catalytic hydrogenation with D2 gas and Pd/C.
Deuterated estrone acetate was synthesized to study estrogen metabolism during pregnancy since the
radiolabeled estrogens typically used in metabolism studies17 are potentially harmful to the mother.83
Two years later another acetylated estrone derivative was synthesized, this one bearing the label in the
acetyl group. It was prepared, using d6-acetic anhydride, for IR assignment studies.
84
The target sites for deuteration of estrogens depend upon structural features of the substrate. In estrone
1, the activated positions are the protons next to the phenol group at C-3 and the carbonyl group at C-
17. These activated protons can be exchanged with use of direct deuteration methods with acid, base, or
transition metal as catalyst. Reduction of the carbonyl group with a deuterated hydride as reducing
reagent introduces one deuterium atom, while D2 with Pd/C can be used to reduce the double bond or
to replace halogen. D2 and Pd/C can also be used to exchange the benzylic protons at C-6 and C-9.
Direct deuteration of the target molecule may not be possible if deuteriums are needed at non-activated
positions, and long synthetic routes must then be used to achieve the desired product. This is also the
case when more than three deuteriums are required in 17-hydroxyestrogens.
In the following sections deuteration methods for estrogens are discussed under to the different
deuteration reagents.
1.5.1.1 Mineral acid catalysts
Deuterated mineral acids such as DCl and D2SO4 have been used for the deuteration of estrogens. After
refluxing estradiol 2 with 10% D2SO4 in MeOD for five days, Tökés and Throop
85 obtained 2,4-d2-
estradiol 15 in 99% yield, but no deuteration percentages were mentioned. Murphy37 synthesized 2,4-
d2-estradiol 15, 2,4,16,16-d4-estrone 16, and 2,4-d2-estriol 17 (Fig. 4, Table 5) with DCl in a vacuum
bulb at 55-60°C. After 72-120 hours the yields were only 12-40%.
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Figure 4. Structures of 2,4,16,16-d4-estrone 16, 2,4-d2-estradiol 15, 2,4-d2-estriol 17, and 4,6,16,16-d4-
equilenin 18.
Later Dehennin et al.52 applied 6 M DCl in MeOD in a vacuum-sealed ampule at 60°C for 24 h to
deuterate the phenolic positions of 16,16-d2-estrone, which had already been deuterated with NaOD
(see 1.5.1.3). The reasons for using this two-step procedure instead of just DCl were not given.
4,6,16,16-d4-Equilenin 18 was synthesized in reaction with 6 M DCl in dioxane at 65°C for 4 x 7 days.
Yield was 99% with 95% D, but the method of determinating the deuterium content was not
mentioned.86 The lack of deuteration at C-2, especially with such a long reaction time, is somewhat
surprising.
Table 5. Deuterium distributions in DCl-catalyzed deuterations
Percentages (%)a
Estrogen Time (h) d0 d1 d2 d3 d4 d5 Reference
2,4,16,16-d4-E1 16 90 2.6 0.7 - 16.6 80.0 - 1974
37
2,4,16,16-d4-E1 16 90 0 0 2.2 16.5 78.9 2.4 1978
48
2,4-d2-E2 15 72 2.8 6.7 90.5 - - - 1974
37
2,4-d2-E3 17 120 0.3 7.8 81.2 10.8 - - 1974
37
a) As presented in the publications
1.5.1.2 CF3COOD as deuterating reagent
As CF3COOD had not been used for the deuteration of estrogens before this study,
I deuterations of
other compounds with CF3COOD will be discussed here (Fig. 5). In fact CF3COOD has been used for
labeling surprisingly little, and mostly to deuterate the α-position of the carbonyl group. The
mechanism of deuteration is presented in Scheme 4.87
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Scheme 4. Mechanism of deuteration at carbonyl α-position with CF3COOD.
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The first labeling with CF3COOD was done in the 1960s for to study the rate factors of H-D exchange
in dimethylnaphthalenes.88 CF3COOD deuteration of 9,10-dimethylanthracene was improved by
irradiation with UV light.89 ∆8- and ∆9-Tetrahydrocannabinol, anisole 19, 2-methylcyclohexanone, and
triethylcarbinol were deuterated with 100 eq. excess of CF3COOD at room temperature,
90 but the
deuterium distribution was not specific for single d-species.
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Figure 5. Compounds deuterated with CF3COOD.
3,3-d2-Camphor 20 was synthesized in 95% isotopic purity by heating camphor in a 1:5 mixture of
CF3COOD and D2O at 130°C in a sealed tube for nine days.
91 2,2-d2-3,5,8-Trimethyl-3,4-dihydro-
1(2H)-naphthalenone 21 was synthesized by stirring in an apparatus connected to a vacuum pump,
which after 20 h was aspirated to remove CF3COOD. A fresh batch of CF3COOD was added, and the
procedure was repeated four times. The isotopic purity was 96%.92 Deuteration of the α-position of the
carbonyl group has been studied by Eisenbrown's students Dewprashad93 and Cagle.87 They deuterated
various carbonyl-containing compounds including androgens, but no phenolic compounds were
included in their list. Androstan-3,17-dione was deuterated by refluxing it in CF3COOD for two days
with repeated addition of fresh reagent. A d5-d6 product was obtained. Similarly, androstan-3-ol-17-one
was deuterated for two days at room temperature and only the 16-d1-deuterated product was achieved.
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The stereochemistry of this deuteration was studied with androstan-17-one 22 and it was shown by
NMR to be 16α and this stereochemistry was due to the steric hindrance of the C-18 methyl group
(Scheme 5).87 When androstan-3-one was deuterated at room temperature both C-16 protons were
exchanged because the C-19 β methyl group was too far to cause steric hindrance.
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Scheme 5. Deuteration of androstan-17-one 22 with CF3COOD.
The only deuteration of phenolic ring sites with CF3COOD is that done by Wähälä et al.
94 in our
laboratory to isoflavonoid genistein. Deuteration was performed by refluxing genistein with CF3COOD
for 27 h and then adding a fresh portion of CF3COOD and continuing to reflux for eight days.
Deuteration occured to the ortho positions 6,8,3’,5’ of genistein 23. All the deuterations mentioned
above required at least 20 hours reaction time and in many cases more than one repetition. A recent
deuteration of ketones was performed in a microwave oven; 2-octanone, 2-pentanone 24 , 4-
methylpentanone, 4-n-heptanoylbiphenyl and 1-[4-n-heptylbiphenyl]ethanone were irradiated for just
15-20 min at 90°C with 90 W, and all α-deuterated compounds were obtained with over 90% isotopic
purity.95 The microwave irridiation results were compared with reflux results where less satisfactory
results were obtained with over 20 h reaction time. This method was published just after my
publication.I
1.5.1.3 Base-catalyzed deuterations
Base-catalyzed deuteration methods for estrogens comprise mainly NaOMe in MeOD or NaOD
deuterations. NaOMe in MeOD is a selective method for deuteration of the α-protons of a carbonyl
group, with no aromatic protons exchanged, and it has been applied to estrone 1 and 3-methoxyestrone
to obtain 16,16-d2-estrone
96,97 and 16,16-d2-3-methoxyestrone.
36 Deuterium distributions in base-
catalyzed deuterations are presented in Table 6. NaOD can be used selectively. Under mild conditions
it only exchanges at the 16-position and under drastic conditions also at aromatic protons. Dehennin et
al.52 used NaOD in MeOD to deuterate estrone in a vacuum-sealed glass ampule and obtained 16,16-
d2-estrone. Block and Djerassi
98 refluxed estrone 1 in a mixture of NaOD in D2O for 24 and 72 hours.
At 24 h reaction time, deuteration took place at C-16, whereas with longer reaction time (72 h)
deuteriums were also found in the aromatic ring. 1H-NMR showed the product to be 4,16,16-d3-estrone.
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It is odd that the 4-position was so selectively exchanged. See my results with NaOD reported in
section 3.1.5.
Table 6. Deuterium distributions of base-catalyzed deuterations
Percentages (%)a
Estrogen Time Concentration
of base (M)
d0 d1 d2 d3 d4 d5 Reference
16,16-d2-3-MeOE1 6 h, refl. 0.08 - 11 89 - - - 1962
36
16,16-d2-E1 2 x 6 h,
refl.
0.4 1 3 88 7 1 - 198197
16,16-d2-E1 24 h, refl. 0.13 - - 72 28 - - 1973
98
4,16,16-d3-E1 72 h, refl 0.13 - - 37 59 4 - 1973
98
2,4,16,16-d4-E1 16
b 0.5 0.1 0.25 2.1 15.5 82.4 - 198052
2,4,16,16-d4-E2
c 0.5 0.13 0.36 2.5 12.3 84.6 - 198052
16,16,17-d3-E2
d 0.5 0.15 0.25 6.9 92.7 - - 198052
a) As presented in the publications, b) Protons 2 and 4 deuterated with DCl, c) Protons 2 and 4 deuterated with DCl, E1
reduced with NaBH4, d) E1 reduced with NaBD4
1.5.1.4 Transition metal-catalyzed deuterations
Deuterations carried out with transition metal catalysts may be either heterogeneous or homogeneous.
In heterogeneous metal-catalyzed reactions, VIII group transition metals such as palladium and
platinum are typically employed and the source of deuterium is D2-gas or D2O. The H/D exchange
occurs when the molecule is adsorbed on the surface of the metal. Garnett and O’Keefe99 deuterated
various steroids with platinum and palladium oxide. Deuterium distributions in their PtO2-catalyzed
deuterations of estrone 1 are presented as an example in Table 7. As well, deuterations of 3-
desoxyestrone, estradiol 2, estradiol monobenzoate, and estradiol-3,17-diacetate were carried out. All
these deuterations gave unusual isotopic distribution; even d10-species were found. However, this
method did not give any d-species selectively, and the authors gave no structural data regarding the
positions of deuteriums. The activator (NaBH4 or H2) was used to reduce the metal oxide and thereby
improve the deuteration.
Table 7. Distributions of deuteriums in PtO2-catalyzed deuterations of estrone 1 in D2O.
99
Percentages (%)a
Activator Time (h) Temp (°C) d0 d1 d2 d3 d4 d5 d6 d7 d8 d9 d10
- 48 110 86 13 1 - - - - - - - -
NaBH4 48 110 68 15 11 4 1 - - - - - -
H2 42 120 1 3 10 22 25 21 12 5 2 1 -
NaBH4 48 160 0 0 2 3 4 5 7 9 12 14 16
a) As presented in the publication
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The heterogeneous catalytic hydrogenation of a double bond with D2 and Pd/C is mainly used in
multistep deuterations to obtain 6,7-labeled estrogens (see 1.5.1.8) and it is particularly useful in
tritiation (see Section 1.5.4). The advantage of deuteration by reducing the double bond with D2 and a
heterogenous catalyst is that there is no risk of back-exchange of those deuteriums. The disadvantage is
the required starting material, estrogen with double bond in a certain position, which may be laborious
to synthesize or expensive to purchase. Also deuteration at benzylic positions of estrogens is possible
with D2 and Pd/C, as discussed in Section 3.1.3.
Garnett and O’Keefe100 used the homogeneous catalyst sodium tetrachloroplatinate in CH3COOD in a
sealed vessel at 1.3 Pa to deuterate the same steroids as with heterogeneous platinum catalyst99 (see
above). Their results for the deuteration of estrone 1 are showed in Table 8. The temperature was
optimized to 95°C, because PtII has a tendency to disproportionate to inactive Pt0 at higher
temperatures. No deuteration was observed at 120°C. Results obtained with homogeneous platinum
catalyst were similar to those obtained with heterogeneous catalyst99 except that the deuterium
distribution was slightly better with Na2PtCl4. Iridium complexes are another category of homogeneous
deuteration catalysts, but they have not been used for the deuteration of estrogens.
Table 8. Deuterium distributions of estrone 1 with homogeneous catalyst 0.02 M Na2PtCl4 in
CH3COOD
100
Percentages (%)a
Catalyst Other
reagents
Temperature
(°C)
Time
(h)
d0 d1 d2 d3 d4 d5 d6
3 ml 92 2.5 0 3 16 39 41 1 0
- CH3COOD
20 ml,
Na2PtCl4
95 4.7 3 14 61 17 0 - -
- CH3COOD
20 ml,
Na2PtCl4
95 42.5 0 5 23 36 23 6 2
20 - 95 4.7 2 9 43 44 3 0 -
20 - 95 24 2 6 30 53 9 1 -
20 1 M HCl 95 4 4 18 76 - - - -
- CH3COOH 95 4 4 24 65 6 1 - -
10 CH3COOD 102 25 0 2 11 35 46 5 1
a) As presented in the publication
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1.5.1.5 Deuteration without catalyst
Vining et al. 101 deuterated several estrogens with D2O in a sealed vacuum tube at 190°C for 24 hours.
No deuteration was observed at lower temperatures, but some exchange occurred at 154°C. Estradiols
were d2-deuterated and estrones d4-deuterated in high isotopic purity, but 2-methoxyestradiol 6 was
only deuterated at C-4 (Table 9). Reaction with estradiol-3-benzoate caused the hydrolysis of the ester,
and 2,4-d2-estradiol 15 was obtained.
Table 9. Deuterium distributions in D2O deuteration of estrogens.
Estrogen Relative abundancea
d0 d1 d2 d3 d4 d5
2,4-d2-E2 15 <0.5 <5 100 <4 - -
2,4-d2-17α-E2 <1 <1 100 <2 - -
2,4-d2-16α-E2 <5 <10 100 <1 - -
1,4-d2-2-OHE2 <5 <5 100 <2 - -
1,4-d2-2-OHE3 <3 <1 100 <3 -
2,4,16,16-d4-E1 16 <2 <2 <2 <2 100 <5
1,4,16,16-d4-2-OHE1 <0.2 <0.2 <1 <1 100 <2
1,2,16,16-d4-4-OHE1 <1 <1 <1 <2 100 <2
4-d1-2-MeOE2 <2 100 <2 <2 - -
a) As presented in the publication
1.5.1.6 Halogen-deuterium exchange
Deuteriums can be incorporated in estrogens by replacing the halogen, typically iodine or bromine,
with deuterium. This same reductive dehalogenation is used in tritiations since the position of the label
can then be determined. In the case of labeling phenolic sites, halogenation appears to be an extra step,
since the corresponding product can also be achieved with direct deuteration. 2,4-d2-Estriol 17 (ip 85%)
was synthesized from 2,4-dibromoestriol with D2, Pd/C, and NaOMe.
102 2,4,17α-d3-Estriol triacetate
(ip 88%) was synthesized from the corresponding 17α-d1-2,4-dibromo compound with PdCl2 and
NaBD4.
103 When this last synthesis was conducted on 16α-hydroxyestrone ketal, the benzylic protons 6
and 9 were deuterated as well.104 2-d 1-Estradiol, 4-d1-estradiol, and 2,4-d2-estradiol 15 were
synthesized from the corresponding 2-chloromercurioestradiol-3,17-diacetate or 4-acetoxymercurio-
estradiol-3,17-diacetate by refluxing with CH3COOD and D2O for 3 h, followed by deacetylation.
105
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1.5.1.7 Multistep labelings
Multistep deuteration is employed when deuteriums are needed elsewhere in the steroid skeleton than
next to phenol or carbonyl groups. The advantage of deuteriums elsewhere in the skeleton is their better
stability, as they do not back-exchange under acidic or basic conditions. The routes to multilabeled
estrogens may consist of several oxidation and reduction reactions and thus the total yields may be low.
Knuppen et al.106 synthesized d8-estradiol 25, d7-estrone 26, d6-2-hydroxyestradiol 27, and d 6-4-
hydroxyestradiol 28 by a multistep procedure in less than 10% total yield (Scheme 6).
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Scheme 6. Synthesis of 2,4,6,6,7,15,16,17-d8-estradiol 25, 2,4,6,6,7,15,16-d7-estrone 26, 4,6,6,7,15,16-
d6-2-hydroxyestrone 27, and 2,6,6,7,15,16-d6-4-hydroxyestrone 28.
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The deuteriums were first introduced into the D-ring by NaBD4 reduction.
106 The stereochemistry of
deuteriums at C-16 and C-15 was not determined. C-6 was oxidized and then reduced with NaBD4 to
alcohol, and D2O at C-6 was eliminated with DCl. Simultaneously, positions C-2 and C-4 were
deuterated. The 6,7-double bond that was formed was reduced with D2 and Pd/C to introduce
deuteriums to C-6 and C-7. The oxidation to 2-OHE2 or 4-OHE2 was conducted via quinone formation
with potassium nitrodisulfonate (Fremy's salt) followed by reduction with KI in acidic media. The same
route was recently utilized to synthesize 7-d1-2-OHE2, 6,7-d2-2-OHE2, and 6,6,7-d3-2-OHE2 as a
means to studying their deoxyguanosine linkage by LC-MS/MS.61 The starting material was acylated 6-
ketoestradiol, which was reduced, dehydrated and hydrogenated with D2 to obtain 7-d1-E2, 6,7-d2-E2,
or 6,6,7-d3-E2. Corresponding deuterated 2-hydroxyestradiols were synthesized by the method
described by Gelbke et al.,107 but no yields or isotopic purities were given.
9,11,11,12,12-d5-Estrone 29 was synthesized by deuterating protected 11-oxoestrone 30 with Na,
MeOD, and (O,O-d2)-hydroquinone and reducing C-11 carbonyl with LiAlD4 (Scheme 7); it was
dehydrated with POCl3, oxidated and tosylated and finally reduced with LiAlD4 in 18% total yield.
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9α,12,12-d3-Estradiol was synthesized from protected 9β,12,12-d3-11-oxoestrone in seven steps.109 D-
ring monodeuterated 14α-, 15α-, 15β-, and 16α-estrogens were synthesized with LiAlD4 or B2D2.110
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Scheme 7. Synthesis of 9,11,11,12,12-d5-estrone 29.
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1.5.1.8 Summary of deuterations
Mineral acid-catalyzed and NaOD-catalyzed deuterations give similar, reasonable isotopic purities for
2,4,16,16-d4-estrone 16 (80-85%), but the reaction times are long (2 to 3 days) (see Sections 1.5.1.1
and 1.5.1.3). Deuteration at high temperature with D2O is an environmentally benign method giving
good isotopic purity, but it requires special pressure-proof equipment, especially in the scale-up, and it
is not rapid. Platinum catalysts, both homogeneous and heterogeneous, produce a mixture of d-species
and thus poor isotopic purity of deuterated estrone (1-46%) (see Section 1.5.1.4). These mixed species
of d-estrone are not suitable for GC/MS SIM standards because the isotope pattern of the deuterated
estrogen is complex and does not correspond to that of unlabeled estrogen. Halogen-deuterium
exchange produces fairly good isotopic purities but has no actual advantages over direct deuteration
unless monodeuterated species are required.
1.5.2 Enhancement of deuteration
Without some form of enhancement, deuterations typically require many hours time. Microwave
irradiation and ultrasound are two effective ways to speed up procedures.
1.5.2.1 Microwave irradiation
Microwaves are electromagnetic waves in the frequency region 0.3 to 300 GHz.111 Most microwave
instruments operate at 2.45 GHz. Microwave heating is based on the ability of a material in the reaction
mixture to absorb microwave energy and convert it to heat. Thus the heat is formed in the reaction
mixture itself, in contrast to traditional oil baths and electric mantles that conduct heat from outside
into the reaction vessel. Microwave heating occurs through dipole rotation, in which the polar
molecules attempt to align themselves with the rapidly changing electric field of the microwave, or
through conduction if there are free ions present in the material.
The heating characteristics of a solvent depend on its dielectric properties.112 Dielectric constant (εS)
describes the ability of the solvent to absorb microwave energy and is equal to relative permittivity (ε′)
at room temperature, under the influence of a static electric field. The loss tangent (tanδ) is defined as
the tangent of the loss angle, which is the ratio between the relative permittivity (ε′) and the dielectric
loss factor (ε′′), tanδ = ε′′/ε′, which quantifies the efficiency with which the absorbed energy is
converted to heat.
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With microwave-assisted synthesis and labeling, reaction times may be shortened from several hours or
days to minutes. There has been some discussion as to whether some special or non-thermal microwave
effects exist or whether the microwave-assisted heating is just an expensive heating technique, but so
far no proof of special microwave effects has been found. It is generally agreed, instead, that the rate
enhancements are based on purely thermal/kinetic effects due to the high temperatures rapidly attained
in a microwave field (so-called superheating).
Although microwave-assisted synthesis can be conducted in domestic microwave ovens, their safety
features are not sufficient for work at large scale. At present there are three main manufacturers of
laboratory microwave instruments: CEM,113 Milestone,114 and Biotage.115 Nüchter et al.116 have
published a critical review of microwave-assisted synthesis, in which they demand more informative
reporting of reaction and equipment parameters in order to improve the reproducibility of microwave-
assisted reactions.
The use of microwave irradiation technique in organic chemistry can be considered to have begun in
1986 when Gedye et al.117 and Giguere et al.118 published their applications for microwave-assisted
synthesis. The microwave technique has been utilized in organic synthesis at an increasing rate ever
since.119,120,121,122,123 In 2000, Elander et al.124 wrote a review of the use of microwave technique in
labeling of organic compounds. While the discussion focused mostly on tritiations, the use of
microwave enhancement in deuteration studies is clearly on the increase. Most of the microwave-
assisted deuterations reported to date are those done by Jones's group.125,126,127,128 In deuterations of
phenol under microwave irradiation with D2O and heterogeneous catalyst PtO2 or NaPtCl4 for 15 min,
PtO2 gave a distribution of 54% (ortho), 19% (meta) and 27% (para) and NaPtCl4 a distribution of 86%
(ortho) and 14% (meta).125 Deuterium labeling through selective dehalogenations was performed to
aromatic compounds,126 and also solid isotope donors were used.127 Solid-state reduction of carbonyl
group was done with alumina doped NaBD4.
128
1.5.2.2 Ultrasound
The enhancement of deuteration with ultrasound has been studied relatively little, although
sonochemistry is otherwise widely used in organic synthesis.129 Deuterations under ultrasound have
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mainly been accomplished in heterogeneous systems with metal catalysts. Cioffi et al.130 studied
Raney®  nickel-type catalyst and other metal catalysts for the deuteration of methyl β-D-
galactopyranoside, but only Raney®-types were effective. Also, various solvent pair systems have been
studied with deuterated Raney® nickel, e.g. THF-D2O 5:1.
131 Deuteration occurred at carbon atoms
bearing vicinal hydroxyl groups. Ultrasound had not been used in the deuteration of estrogens before
the present study.I
1.5.3 Tritium labeling
Tritiated estrogens are widely used in biological studies. Since tritium is a radioactive isotope (half-life
12.4 years), assays carried out with tritium labeled standards are of great sensitivity. Tritium labeling
methods have recently been reviewed by Saljoughian.132 The most common methods for tritiation are
1. Catalytic reduction of a double bond with tritium gas (Wilzbach method)133
2. Reduction with NaBT4 or LiAlT4
3. Catalyzed hydrogen isotope exchange
4. Halogen-tritium exchange by dehalogenation
5. Alkylation with methyl iodide-[3H]124
The first tritiated estrogen was [6,7-3H2]estrone 3-acetate 31,
134,135 which was synthesized in 1958,
eight years after the first deuterated estrogen, [6,7-2H2]estrone 3-acetate.
82 [6,7-3H2]Estrone 3-acetate
31 was obtained by catalytic reduction of 6-dehydroestrone acetate 32 with 10% Pd/C and tritium gas
(Scheme 8).135 The corresponding tritiated estrone was obtained after KOH hydrolysis. [6,7-
3H2]Estradiol was obtained with LiAlH4 reduction. 6,7-Labeled tritiated estrogens are widely used in
biological studies because they are commercially available and the tritiums are chemically stable in
these positions. The specific activities of tritiated estrogens are shown in Table 10. Halogen-tritium
exchange of 2,4-diiodoestrogens or 2,4-dibromoestrogens has been done with 5% Pd/Al2O3 as a
catalyst and tritium gas (10 Ci),136 or with 5% Pd/C, KOH, and T2 (25 Ci).
137 [2,4,6,7-3H4]Estrogens
can be produced by combining these methods and using C-2 and C-4 halogenated 6-dehydroestrogen as
a starting material.
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Scheme 8. Synthesis of 6,7-[3H2]estrone 3-acetate 31.
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Labeling of the benzylic positions of estrogens is one application of palladium-catalyzed
tritiation.138,139 [9,11-3H2]Estradiol has been synthesized by reducing 3-methoxyestra-1,3,5(10),9,(11)-
tetraen-17-one by Pd/C and T2 gas (10 Ci), reducing the carbonyl with Red-Al, and deprotection.
140
Owing to the very small quantities of synthesized tritiated estrogens, they have seldom been analyzed
by NMR or MS.
Table 10. Specific activities and radiochemical yields of tritium-labeled estrogens
Compound Specific activitya
(Ci/mmol)
Radiochemical
yield (%)
Reference
6,7-[3H2]Estrone 3-acetate 0.3245 34 1958
134
6,7-[3H2]Estradiol 0.1509 - 1958
134
6,7-[3H2]Estriol 0.1367 - 1958
134
6,9-[3H2]-2-Hydroxyestrone 40-60 - 1993
138
6,9-[3H2]Estriol 40-60 - 1993
138
6,9-[3H]-2-Hydroxyestradiol 20-40 - 1993138
6,9-[3H2]Estriol
a 40 - 1974139
6,9-[3H2]Estriol
b 12 - 1974139
2,4-[3H2]-6β-Hydroxyestradiol 26.5 - 1976136
2,4-[3H2]-7α-Hydroxyestradiol 15.5 - 1976
136
2,4-[3H2]-11β-Hydroxyestradiol 27.6 - 1976136
2,4-[3H2]-16-Epiestriol 16.6 - 1976
136
2,4-[3H2]Estra-1,3,5(10)-triene-3,16α-diol 9.5 - 1976
136
2,4-[3H2]Estriol 38 - 1968
137
2,4-[3H2]-16-Oxoestradiol 51 - 1968
137
4-[3H]Estrone 12000 95 1982141
4-[3H]Estradiol 34000 96 1982141
[3H]Estrone 0.76 39 1988143
[3H]Estradiol - 11 1988143
a) a measure of the radioactivity per unit mass, b) in EtOAc c) in AcOH
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Acid-catalyzed hydrogen-tritium exchange is less common due to the lack of suitable reagents. The
specific activity of commercial T2O is seldom sufficient for the preparation of tritiated acids, unlike
D2O, which can be purchased in 99.999% isotopic purity. Only one Lewis acid catalyzed tritiation for
estrogens is reported in the literature: estrogen was tritiated with T2O (5 Ci/g) and BBr3 or EtAlCl2.
141
In this reaction the actual catalyst is the TBr or TCl. No base-catalyzed tritiations have been reported
for estrogens.
Catalytic reduction with tritium was already one of the applications for microwave enhancement in the
early 1960s.142 [3H]Estrone and [3H]estradiol have been synthesized using 0.8 Ci tritium gas and
microwave irridiation in an Evenson microwave cavity.143  Labeled estrogens were analyzed by gas
liquid radiochromatography, but the positions of the tritiums were not determined.
1.6 Deuteration estrogen fatty acid esters
Estrogen fatty acid esters are lipophilic derivatives of estrogens. They are carried in the circulation by
lipoprotein particles144 and they have been found in human ovarian follicular fluid, breast cyst fluid,
and plasma.145,146 Estradiol-17β-fatty acid esters (Figure 6) are considered to function as hormonal
storage in lipoproteins and fatty tissues, and they have been found to have a protective effect on the
oxidation of low-density lipoprotein (LDL).147 The estrogen fatty acid ester composition of human
follicular fluid consists of the following esters: estradiol-17-linoleate 33 43%, estradiol-17-palmitate
20%, estradiol-17-arachidonate 19%, estradiol-17-oleate 14% and estradiol-17-stearate 4%.148 Oleoyl
estrone and eicosenoyl estrone149 have slimming effects in obese rats and they normalize glucose and
insulin levels.150,151
HO
O
O
33
Figure 6. Estradiol-17-linoleate 33.
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Mellon-Nussbaum et al.152  synthesized estradiol-17-palmitate (16:0), -palmitoleate (16:1), -stearate
(18:0), -oleate (18:1), -linoleate (18:2), -arachidonate (20:4), and -docosahexanoate (22:6) from
estradiol 2 with the corresponding acyl chloride. While the major product was estradiol-3,17-diester,
also estradiol-3-ester, estradiol-17-ester, and unreacted estradiol were detected. The mixture was
selectively hydrolyzed with NaHCO3 to remove the phenolic 3-esters.
Debrauwer et al.153 synthesized deuterated estrogen fatty acid esters for mass spectrometric studies.
16,16-d2-Estradiol-17-stearate was synthesized from 16,16-d2-estradiol, deuterated according to
Dehennin et al.52 and esterified according to the method described by Mellon-Nussbaum et al.152
Estradiol-17-[2’,2’-d2]stearate (yield 50%) and estradiol-17-[3’,3’-d2]stearate (yield 46%) were
synthesized from the corresponding deuterated stearyl chlorides.
1.7 Synthesis of 2-methoxyestradiol
2-Methoxyestradiol 6 is an estrogen metabolite with promising anticarcinogenic effects (see Section
1.3.4). The most widely used routes for the synthesis of 2-MeOE2 6 rely on halogenation (Scheme 9),
or formylation, which determine the regioselectivity and the total yield. Methods for the synthesis of 2-
methoxyestradiol are presented below.
1.7.1 Halogenation
HO
OH
X=I or Br
HO
OH
X
HO
OH
MeO
2 6
Scheme 9. Synthesis route of 2-methoxyestradiol 6 by methoxylation of 2-halogenoE2.
2-Methoxyestradiol 6 has been prepared from the corresponding 2-iodoE2 or 2-bromoE2 by
methoxylation with NaOMe and copper154,155,156 or crown ether157 catalysts. Yields were 55-95%.
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Halogenations of estrogens are presented in Table 11, and the 2-halogeno estrogens can be used as
precursors of 2-MeOE2 6. Note that the good regioselectivity that is reported has not always been
reproducible.158,159
Table 11. Results of iodinations and brominations of estrogens.
Method 2-Substitution 4-Substitution 2,4-Di Unreacted Reference
E2-diacetate
Tl(CF3CO2)3, CF3COOH, CuI2
89% - - - 1990160
E2-diacetate
1. Tl(CF3CO2)3, CF3COOH, 2. CuBr2
84% - - - 1990160
E1, 1. TlOEt, 2. I2, 17% 14% 10% 23% 1997
161
E1, I2, TlOAc 16% 10% - 25% 1997
161
E2-17-acetate, I2, Cu(OAc)2 89% - - - 1986
162
E2-17-acetate, I2, CuCl2•H2O 52%
63.2%
22%
*
6%
-
- 1986162
1995163
E2, I2, CuCl2•H2O 50% 11% 1986
162
3-MeOE2-17 acetate
Hg(OAc)2, NaCl (aq)
80% - - - 1981164
E1, I2, Hg(OAc)2
E2, I2, Hg(OAc)2
96%
45%
95%
-
-
-
-
-
-
1953165
1995166
E2 or E3, I2, NH3 27.5% 6.5% 37.5% 29% 1986
167
E2, N-Iodosuccinimide 17% 20% discarded 1984168
E2, NBS
E1, NBS
2,5 eq.
44%
36%
23%
-
-
40%
42%
34%
87%
-
*
-
94%
-
-
-
-
1985156
1986158
2004169
1962170
1991171
E1, N-Bromoacetamide, - 57% - - 1963172
E1, 2,4,4,6-Tetrabromo-2,5-
cyclohexadien-1-one
§ § - - 2003173
E2, CuBr2 - - 95 % - 1983
174
E1, Br2, Fe, 85 % # - - 1962
170
E2, Benzeneselenyl chloride, 70% 10% - - 1991175
* not defined, # 90% if acetic acid contained 15-20% water, § not mentioned in the CA abstract
An alternative route to 2-halogeno estradiols is via 2-trimethylsilylestradiol-3,17-diMOM, which when
brominated with NBS gave 35% overall yield.158 The 2-trimethylsilyl-E2-3,17-diMOM was prepared
from E2-3,17-diMOM with s-BuLi and TMSCl. 2,4-Dihalogeno estrogens can be converted to 2-
halogeno estrogens with formic acid in DMF in 40-57% yields.159
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1.7.2 Nitration of estrogens
2-Methoxyestrogens have been synthesized from protected 2-nitroestrone 47 by Pd/C reduction to 2-
aminoestrone and by Sandmeyer reaction176 or with sodium hydrosulfite reduction to 2-aminoestrone
followed by diazotization (0.8% total yield from estrone).177 Direct nitrations of estrogens are not very
regioselective at C-2 and produce mainly a mixture (Table 12), but Zincke nitration of 2,4-
dibromoestrogen with sodium nitrite gave 2-nitro-4-bromoestrogen regioselectively.178 Nitro group was
reduced to 2-amino with Na2S2O4 in the presence of NaOH, and C-4 was debrominated with 5% Pd/C
and H2.
Table 12. Nitration of estrogens.
Method 2-Substitution 4-Substitution 2,4-Di Unreacted Reference
E1, HNO3, CH3COOH
E1, HNO3, CH3COOH, NaNO3
E2, CH3COOH, HNO3,
90%
47.4%
39%
37%
28%
-
-
42%
40%
29%
-
-
-
-
-
-
-
-
-
-
1949179
1995163
1976180
1968181
1957182
E1, Silver nitrate, BF3•Et2O 35% - - 35% 1983
183
E1, N-Nitropyrazole, BF3•Et2O 40% - - 30% 1983
183
E1, Montmorillonite KSF-Bi(NO3)3 47 % 47% - - 2000
184
E1, Montmorillonite K-10,
iron(III)nitrate nonahydrate,
55% - - - 1983185
2,4-DibromoE2,
10 % NaNO2, AcOH, 30 min, rt
96% - - - 1983178
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1.7.3 Formylation
Formylation of C-2 of estradiol 2 followed by Baeyer-Villiger oxidation and methylation offers another
route to 2-methoxyestradiol 6 (Scheme 10).186 Traditional formylation reactions give insufficient
yields. Duff reaction with hexamethylenetetramine gave 2-formylestradiol in just 25% yield.163
Reimer-Tiemann formylation has been attempted with estrone 1, but mostly starting material was
obtained.187 Grignard-type approaches to 2 have been studied with ethylmagnesium bromide,
paraformaldehyde, and triethyl phosphate65 or HMPA.188,189 In the former case a mixture of 2-formylE2
and 4-formylE2 was obtained in 62% yield and in the latter 2-formylE2 was obtained in 68% or 94%
yield. Similar ortho lithiation with s-BuLi of MOM-protected estradiol followed by DMF to produce
formyl group gave 86-93% yields.187,190
MOMO
OMOM
MOMO
OMOM
MeO
MOMO
OMOM
H
O
MCPBA
Na2HPO4
HO
OH
MeO
MOMO
OMOM
HO
MeI, K2CO3
s-BuLi, DMF
-78°C
6 N HCl, THF
86-93% 93%
90% 91%
6
Scheme 10. Synthesis of 2-methoxyestradiol 6 via formylation.186,187,190
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1.7.4 Fries rearrangement
2-Methoxyestradiol 6 has also been synthesized starting from Fries rearrangement to diacetylated
estradiol 34 (Scheme 11). 191 This route takes seven steps and achieved 49 % overall yield. A similar
route was used earlier to achieve 29% overall yield in eight steps.192
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AcO
OAc
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Na2HPO4
CH2Cl2
LiOH, H2O
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THF
BnO
HO
OH
HO
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BnO
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MeO
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95%
84%
91%
82%
86%
92%
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Scheme 11. Synthesis of 2-methoxyestradiol 6 via Fries rearrangement.191
1.7.5 Other syntheses of 2-methoxyestradiol
An early synthesis of 2-methoxyestradiol 6 was that of Fishman.193,194 Estradiol 2 was protected at C-3
with 2-chloro-5-nitrobenzophenone and then at C-17 with acetate. C-2 was oxidized with H2O2 in the
presence of acid in 80% yield and then methylated with diazomethane. The total yield from 2 was 59%.
Le Bras et al.195 developed an interesting organometallic approach to 2-MeOE2 6, achieving 60%
overall yield. They synthesized cationic (oxo-η5-dienyl)iridium complex of 2, which reacted with
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NaOMe to produce iridium cyclohexadienone complex. This complex was oxidized with iodine to
obtain 6.
2-Methoxyestradiol 6 was synthesized in 78% total yield from MOM-protected E2 by reaction with s-
BuLi followed by reaction with B(OCH3)3 and NaBO3; the obtained 2-hydroxyestradiol-3,17-diMOM
was methylated with Me2SO4 and deprotected.
196
1.7.6 Synthesis of 4-methoxyestrone
Methoxyestrones cannot readily be synthesized from estrones by the methods used for estradiols,
because of the interference of carbonyl group. 4-Methoxyestrone 35 has been synthesized starting from
6-oxo-4-hydroxyestrone-3,4-diacetate 36 (Scheme 12).197 The 6-oxo group made it possible to
selectively protect the C-3 with a benzyl group. After removal of the 6-oxo group with NaBH4, the
obtained 4-hydroxyl derivative 37 was methylated to obtain 4-MeOE1 35 in 38% total yield after
deprotection. The 6-oxo-4-hydroxyestrone-3,4-diacetate 36 was synthesized from 4-hydroxyestrone 14
prepared according to Stubenrauch and Knuppen.180
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Scheme 12. Synthesis of 4-methoxyestrone 35.197
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1.8 Synthesis of 2- and 4-hydroxyestrogens
2- and 4-Hydroxyestrogens are estrogen metabolites capable of forming DNA adducts (see Sections
1.3.2. and 1.3.3). Earlier, they have been synthesized via quinone formation and by oxidation of 2- and
4-formyl and acetyl estrogens.
Estrogens were oxidized with Fremy's salt (potassium nitrosodisulfonate) to form ortho quinones
reduced with KI to catechol estrogens.107 This method has been used in the synthesis of deuterium,
tritium, and 14C-labeled catechol estrogens. Pyrogallol-type estrogens, e.g. 2,3,4-hydroxyestrogens
have also been synthesized with use of Fremy's salt.198
As well, hydroxyestrogens have been synthesized from nitroestrones (see 1.7.2) via reduction to amines
and oxidation to quinones with sodium metaperiodate followed by reduction with KI (Scheme 13).180
Recently, E1 1 was oxidized with 2-iodoxybenzoic acid and 2-OHE1/4-OHE1 (1:1.2 ratio) was
obtained via quinones in 79% yield.199
HO
O
AcOH
O
O
O
HO
O
O2N
KI
HO
O
HO
HO
O
H2N
39%
Na2S2O4, 
NaOHHNO3, AcOH
Sodium metaperiodate
75%
95%
1
10
Scheme 13. Synthesis of 2-hydroxyestrone 10.180
Another approach to 2-hydroxylated estrogens is the Friedel-Crafts acylation with AlCl3 to protected
estrone followed by oxidation of acyl group with H2O2
200 or MCPBA201 (Scheme 14). 2-Formyl
estrogens can also be oxidized with MCPBA (see Scheme 10), and after hydrolysis, 2-
hydroxyestrogens are obtained.
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      CS2
38
96% 78%
47% 40%
Me2SO4
  KOH
Scheme 14. Synthesis of 6,7-[3H2]-2-hydroxyestrone 38.
201
Estradiol 2 has been oxidized directly at 2-position with benzoyl peroxide in 60% yield and then
hydrolyzed to obtain 2-hydroxyestradiol 9.202 In our hands this oxidation produced only starting
material.
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2. AIMS OF THE STUDY
The objective of the present study was to synthesize labeled estrogen metabolites and estrogen fatty
acid esters to be used as reference compounds in quantitation studies. Specifically, the aims were
1. To develop rapid and efficient deuteration methods for estrogen metabolites utilizing microwave
irradiation.
2. To synthesize deuterium-labeled estrogen fatty acid esters.
3. To develop an efficient method for synthesis of 2-methoxyestradiol, the biologically most interesting
estrogen metabolite.
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3. RESULTS AND DISCUSSION
The syntheses of deuterium-labeled estrogen metabolites are described in the following. Details of the
synthesis and characterization of deuterated metabolites of 2- and 4-hydroxylation routes (Section
3.1.3) and the reaction conditions for microwave-assisted deuterations of estrone 1 (3.1.4 and 3.1.5) can
be found in the Experimental part (Section 5) and in the original papers. The labeled estrogens have
been used in developing ID GC-MS SIM and TF-RIA methods for quantifying estrogens in biological
samples.
3.1 Deuteration of estrogens
Estrone 1 was selected as the model compound for estrogen deuterations because it has both phenolic
protons and α-protons of carbonyl group, allowing H/D exchange at four positions. It is also a
relatively inexpensive starting material and is easily reduced to estradiol 2, which gives one extra
deuterium if reduction is performed with a deuterated reducing agent such as LiAlD4 or NaBD4.
Deuteration results for estrone 1 were easily applied to other oxo-estrogen metabolites.
HO
O
CF3COOD
HO
O
D
D D
D
1 16
Scheme 15. 2,4,16,16-d4-Estrone 16.
I
CF3COOD was found to be a good deuteration reagent for the deuteration of both phenolic protons and
α-protons of carbonyl of estroneI (Scheme 15) as well as of other carbonyl-containing estrogen
metabolites. High isotopic purity was obtained. The boiling point of CF3COOD is 75°C and its
dielectric constant (εS) is 8.5, which makes it a convenient reagent for microwave irradiation.
3.1.1 Calculation of isotopic purity
The following method was used to determine the isotopic purity of estrogens: the mass spectra of
unlabeled estrogen and labeled estrogen run at the same time were compared and the mass spectrum
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intensities were converted to percentages taking into account the M-1, M-2, M-3, M-4, and M+1 peaks
of unlabeled estrogen. This method works well for compounds of high isotopic purity, but if there is a
mixture of two d-species the natural M+1 peak from the less deuterated species should be subtracted.
Moreover if the unlabeled compound has high M-1 or M-2 peaks these should be taken into account.
Isotopic purity should also be ascertained and the positions of the deuteriums assigned by 1H- and 13C
NMR, though the percentage of isotopic purity cannot be accurately determined by NMR.
3.1.2 Deuteration of estrone with CF3COOD in microwave conditions
Estrone 1 is partly deuterated with CF3COOD even at room temperature, where aromatic protons 2 and
4 exchange first.I 2,4,16,16-d4-Estrone 16 can be obtained only if heat is introduced to the reaction.
Traditional reflux will give the d4-product but with long reaction time (2 x 3 hours). Repetition of the
reaction with a fresh portion of CF3COOD improves the isotopic purity.
Use of microwave irradiation as a heating source speeded up the reaction time to 8 minutes.I Also, the
isotopic purity was improved compared with reflux. Study of the CF3COOD deuteration of estrone 1
was performed in a household microwave oven where the only adjustable parameters are power and
time; the temperature and pressure control options available in a laboratory microwave apparatus are
lacking. It was found that the temperature-controlled program of the laboratory microwave apparatus
does not give as good isotopic purity for estrone as the traditional power/time controlled program.203
Temperature just above the boiling point of CF3COOD is not satisfactory because it gives a mixture of
d3 and d4 species. For safety reasons a household apparatus is not suitable for large-scale synthesis.
3.1.3 Deuteration of metabolites of estrogen 2- and 4-hydroxylation routes with CF3COOD
The microwave-assisted CF3COOD deuteration developed for 2,4,16,16-d4-estrone 16 was applied to
other oxo-estrogen metabolites. CF3COOD also exchanges the proton ortho to the methoxy group in 2-
methoxyestrone. Six deutero-labeled estrogen metabolites, namely 1,4,16,16-d4-2-hydroxyestrone 39,
1,4,16,16,17α-d5-2-hydroxyestradiol 40, 1,2,16,16-d4-4-hydroxyestrone 41, 1,2,16,16,17α-d5-4-
hydroxyestradiol 42, 1,4,16,16-d4-2-methoxyestrone 43, and 1,4,16,16,17α-d5-2-methoxyestradiol 44
(Scheme 16), were synthesized using CF3COOD and microwave irradiation, followed by LiAlD4
reduction in the case of estradiols (see Section 5). The deuterium distributions are presented in Table
13.
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Table 13. Deuterium distributions in estrogen metabolites.
Compound d0 d1 d2 d3 d4
1,4,16,16-d4-2-Hydroxyestrone 39 2 7 4 15 72
1,2,16,16-d4-4-Hydroxyestrone 41 0 2 0 6 92
1,4,16,16-d4-2-Methoxyestrone 43 1 2 0 0 97
Compound d0 d1 d2 d3 d4 d5
1,4,16,16,17α-d5-2-Hydroxyestradiol 40 0 1 5 7 14 73
1,2,16,16,17α-d5-4-Hydroxyestradiol 42 0 0 1 1 5 93
1,4,16,16,17α-d5-2-Methoxyestradiol 44 0 0 0 1 1 98
Earlier, 39 , 4 0 , 41 , and 42 were synthesized with normal heating.204 Although the unlabeled
hydroxyestrones were commercially available, they were synthesized owing to the high cost.
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Scheme 16. Synthesis of deuterated metabolites of 2- and 4-hydroxylation routes.
3.1.4 Deuteration with other acid catalysts
Deuterated mineral acids were tested in microwave-assisted deuterations of E1 1. DCl or D2SO4 in
MeOD gave 2,4,16,16-d4-deuteration in two minutes, but with unsatisfactory isotopic purity (Table 14).
The main problem was the poor solubility of estrone in small amounts of MeOD. Moreover MeOD is
not a microwave friendly solvent owing to the rapid development of elevated pressure. Compared with
earlier DCl and D2SO4 deuterations reported in the literature, where reaction time was several days (see
Section 1.5.1.2), the use of microwave irradiation considerably shortened the reaction time. CH3COOD
as deuteration reagent provided only partial d1-deuteration to estrone. For the deuteration of estrone,
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CF3COOD is still the better choice in terms of isotopic purity. We also tested Lewis acid deuteration
reagents such as D3PO4/BF3 for estrone. Although it has proved good for isoflavonoids,
205 here it
caused partial decomposition of the steroid skeleton.
Table 14. The deuterium distributions of 2,4,16,16-d4-estrone 16 obtained with mineral acid catalysts.
Catalyst d0 d1 d2 d3 d4
DCl in MeOD 10 5 7 23 55
D2SO4 in MeOD 4 15 5 25 51
3.1.5 NaOD as catalyst
Base-catalyzed deuteration of 1 with NaOD in D2O and phase transfer catalyst with 10 min microwave
irradiation at 110°C produced mainly unlabeled estrone 1, though some deuteration was observed
(Table 15). Heating of the same reagents in a steel autoclave at 100°C for 72 h produced 2,4,16,16-d4-
estrone 16, but with less satisfactory isotopic purity than CF3COOD deuteration.
Table 15. Deuterium distributions of 2,4,16,16-d4-estrone 16 with NaOD catalyst.
Catalyst d0 d1 d2 d3 d4
NaOD in D2O (autoclave) 1 2 4 23 70
NaOD in D2O (MW) 53 17 22 6 1
Block and Djerassi98 obtained 4,16,16-d3-estrone with 72 h reflux in NaOD in D2O but without the use
of phase transfer catalyst and pressure. To determine whether there is any difference in the electron
densities at C-2 and C-4, we calculated the electrostatic potential (ESP) charges of estrone (Fig. 7) with
AM1 (MOPAC 6.00 from Cerius2). The structures were minimized with molecular mechanics and then
optimized with AM1. The ESP charge difference was found to be 0.12, which could explain the
selectivity for C-4 deuteration. However, this difference appears not to affect halogenations where 4-
substituted estrogens are minor or equal products. Probably the sterical hindrance has more influence in
the case of larger halogen ions.
HO
O
-0.21
-0.30
-0.42
-0.29
-0.27
Figure 7. ESP charges for estrone 1.
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3.2 Synthesis of deuterated estrane-3,17-diones
Attemps to deuterate the benzylic positions of estrone 1 with Pd/C and D2 led to the discovery that the
whole aromatic ring of 1 can be reduced to yield deuterated estrane-3,17-dione 45.III Block and
Djerassi98  had synthesized 6,6,9-d3-estrone in 55% isotopic purity in EtOAc/dioxane at room
temperature. I attempted to improve the isotopic purity of 6,6,9-d3-estrone by extending the reaction
time, but the result was a reduced A-ring. In earlier work on the catalytic hydrogenation of estrogens on
Raney Ni,206 RuO2
207,208 and PtO2,
209,210 estrane-3,17-diols were obtained. The Raney Ni-catalyzed
procedure gave a 1:1 mixture of the 5α,10α and 5α ,10β   isomers, while the ruthenium-catalyzed
hydrogenation gives mainly 5α,10α-estrane-3,17-diol.208 Estrane-3,17-diones were obtained by
oxidizing estrane-3,17-diols with CrO3.
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Scheme 17. Synthesis and dedeuteration of 1α,2α,4α,5α,6,6,9α,10α-d8-estrane-3,17-dione 45.
III
The catalytic reduction of estrone 1 with D2/10% Pd/C does not proceed to the deuterated estrane-3,17-
diol but stops at the enol stage to give deuterated estrane-3,17-dione 45 with 5α,10α ring fusion in 87%
yield (Scheme 18). The catalytic reduction is highly solvent dependent: if conducted for four days in
methanol or ethanol instead of ethyl acetate, only the benzylic protons are exchanged to deuteriums and
little reduction occurs. The main product, 1α,2α,4α,5α,6,6,9α,10α-d8-estrane-3,17-dione 45, was
selectively dedeuterated at C-2 and C-4 with NaOMe in MeOH (Scheme 17) to help to elucidate the
stereochemistry of the deuteriums by NMR. Earlier, estrane-3,17-dione has been deuterated with
Na2CO3 in MeOD-D2O,
212 and 4,5α-d2-10β-estrane-3,17-dione and the corresponding tritiated
compounds have been synthesized from estrene-3,17-dione with tris-triphenylphosphine rhodium
chloride and D2 or T2 gas.
213
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When the reaction time is reduced from 48 hours to five hours, no reduction of the aromatic ring
occurs. 6,6,9-d3-16-Ketoestradiol, a metabolite of the 16-hydroxylation pathway of estrogens, was
synthesized in reaction of D2 and 10% Pd/C at 50°C for 5 h.
214 When the reaction was performed at
room temperature, only half of the protons at C-6 were exchanged.
3.3 Synthesis of deuterated estrogen fatty acid esters
Five new deuterated estrone fatty acid esters and ten new deuterated estradiol fatty acid esters (Scheme
18) were synthesized. 2,4,16,16-d4-Estrone 16 was used as starting material for the deuterium-labeled
fatty acid esters.VI, 215 Deuteriums in the fatty acid chain are not required in quantification studies since
the fatty acid esters are saponified with KOH before GC-MS analysis. Direct deuteration of estrone
fatty acid esters with CF3COOD is not possible owing to the cleavage of fatty acid ester; instead,
esterification was performed on 2,4,16,16-d4-estrone 16 or 2,4,16,16,17α-d5-estradiol 46 with DMAP
as catalyst (Scheme 18). In the case of linolenate ester, linolenic anhydride was used as starting
material due to the lack of the corresponding chloride. Due to the slower reaction with fatty acid
anhydride, microwave heating was applied. In the case of deuterated estradiol 46 too, longer reaction
time and microwave irradiation were required to esterify the aliphatic 17-hydroxyl group. The yield of
esters was improved as no starting material was detected in the product. However, the free fatty acid
had to be separated from the product by silica column chromatography or preparative TLC. Despite
basic esterification conditions, according to the 1H- and 13C-NMR spectra there was no back-exchange
of deuteriums to hydrogens during the esterification step.
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Scheme 18. Synthesis of deuterated estradiol fatty acid esters.IV
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Methyl stearate was produced as side product with use of the Mellon-Nussbaum152 selective hydrolysis
procedure for estradiol-3,17-distearate with NaHCO3 in MeOH/benzene. The product was difficult to
separate by flash chromatography. This method has been referred to in many medical papers where 17-
esters have been used as standards. Vasquez et al.216 reported the synthesis of E2-17-palmitate and E2-
17-stearate, but the melting points they give are much lower than values reported earlier, which
suggests that the products were not properly purified. Our change of the base to KOH and solvent to t-
BuOH (Scheme 18) provided the same selective hydrolysis without the formation of unwanted fatty
acid esters, and reduced the reaction time to one hour. The chemoselectivity of KOH in t-BuOH is
surprising because, in saponification, KOH is used in methanol to remove both aromatic and aliphatic
esters of estradiol.
Radiolabeled 4-[14C]estrone-3-oleate217 and 4-[14C]estradiol-3,17-dioleate217 and 2,4,6,7-[3H]-labeled
estradiol-3,17-dioleateV were synthesized by the same method but without microwave irradiation.
3.4 Synthesis of 2-methoxyestradiol
2-Methoxyestradiol 6 is an estrogen metabolite with anticancer potential as discussed in Section 1.3.4.
Although there are published syntheses for 6 (see 1.7), most of them consist of several steps or are
otherwise inconvenient. The selective halogenations reported earlier (see Table 10) proved to be less
selective in my hands. Here a four-step synthesis of 2-methoxyestradiol 6 was developed from E2 2,
and 2-hydroxyestradiol 10 was synthesized in three steps (Scheme 19).II Yield of 2-MeOE2 6 was 60%
overall. The hydroxylation at C-2 was performed using the superbase LIDAKOR (potassium 1,1-
dimethylpropoxide, n-BuLi, and diisopropylamine) with a 3.5 fold excess of n-BuLi, followed by
treatment with trimethylborate and H2O2. This excess of n-BuLi in LIDAKOR was crucial for
chemoselectivite hydroxylation at C-2. LIDAKOR without excess of n-BuLi has earlier been used for
hydroxylation of the 6-position of estrogens.218 Deprotection of 47 gave 2-OHE2 10 , and 2-
methoxyestradiol 6 was obtained by methylation of the 2-hydroxy group of 47 and deprotection.
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Scheme 19. Synthesis of 2-methoxyestradiol 6 and 2-hydroxyestradiol 10.II
3.5 Use of labeled estrogens in biological studies
ID GC-MS SIM is an accurate technique for the quantitation of estrogens. Some of the labeled
compounds prapared in this work were used in the development of a method for quantifying 15
endogenous estrogens together with four lignans and seven isoflavonoids in urine. In this method as
published in paper IV and presented in Fig. 8, deuterated ethoxime219 derivatives, which are relatively
stable under alkaline isolation conditions, are used as internal standards for oxo-estrogens. (Not all of
the required deuterated oxoestrogens were available at the time the method was developed. Otherwise,
deuterated oxoestrogens might have been used in place of ethoxime derivatives). The deuterated
internal standards are added after DEAE Ac- ion exchange chromatography to detect for the losses
during the purification procedure. Before the ID GC-MS SIM analysis the samples are silylated.
This method is based on the earlier method of Fotsis and Adlercreutz.46,220 In the earlier method,
deuterated estrogen internal standards were not available and d9-TMS derivatives of estrogen standards
were added before GC/MS, and recoveries of the purification and separation steps were determined
with radiolabeled [14C]-E1-glucuronide, [3H]-E3-16α-glucuronide, and [3H]-2-OHE2-glucuronide. The
improved ID GC-MS SIM method has been applied for verifying the results of RIA221 and EIA222 from
urine samples.
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Figure 8. Flow diagram of the estrogen quantitation method.IV
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Tritiated estradiol-3,17-dioleate was synthesized as a standard for the quantitation of estradiol fatty acid
esters in human pregnancy serum, ovarian follicular fluid, and lipoprotein fractions in human blood223
by TR-FIA.V The tritiated standard was added to the biological sample. The sample was extracted and
separated by Sephadex LH-20 chromatography to estradiol ester and estradiol fractions. The ester
fraction was saponified with KOH, eluted through Sep-Pak C18 and purified on a Lipidex-5000 column
to remove cholesterol. After elution of the ester fraction through another LH-20 column to remove
lipophilic impurities, the recovery was determined by liquid scintillation counting and estradiol was
determined by TR-FIA. In a collaborative work (unpublished results) deuterated estrogen fatty acid
esters have been used after saponification as internal standards in the development of an ID GC-MS
SIM method.
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4. CONCLUSIONS
The development of new and rapid deuteration techniques for estrogens is important because
deuterated estrogens are continuously required as internal standards in GC/MS and LC/MS analysis.
A rapid and efficient deuteration method was developed for oxoestrogens. Deuteration of estrone was
studied with several acid and base catalysts and with the aid of microwave irradiation. Microwave
irradiation is an efficient heating technique and considerably reduces the reaction times. CF3COOD
proved to be a good deuterating agent in microwave-assisted labeling of estrogens and it could
profitably be tested for other phenolic compounds. Six new deuterated estrogen metabolites were
synthesized in this study. The deuterated estrogen metabolites can be used as internal standards.
The aromatic ring of estrone was reduced when estrone was heated with D2 and Pd/C in EtOAc. The
product was d8-deuterated estrane-3,17-dione with 5α,10α-stereochemistry, the first estrane-3,17-dione
product to be found in metal-catalyzed hydrogenation of estrone, which normally produce estrane-3,17-
diols.
Microwave irradiation was also employed in the synthesis of deuterium-labeled estrogen fatty acid
esters and it speeded up the reaction times. Fifteen new deuterium labeled estrone and estradiol fatty
acid esters were synthesized. These synthesized deuterium-labeled estrogen fatty acid esters are
suitable for use used as internal standards in the development of GC/MS or LC/MS quantitation
methods.
The estrogen metabolite 2-methoxyestradiol is a potential anticancer agent and it is currently under
clinical trial. A new four-step synthesis from estradiol was developed for 2-methoxyestradiol; 60%
overall yield was achieved. 2-Hydroxyestradiol can also be synthesized in three steps using the same
method.
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5. EXPERIMENTAL
5.1 General methods
NMR spectra were recorded on a Varian GEMINI 2000 (200 MHz) or Varian Inova 300 WB
spectrometers. Chemical shifts are given in δ, and J values are in Hz. CDCl3 was used as solvent and
tetramethylsilane as an internal standard. GC-MS analysis was performed on a Varian Saturn 2000
spectrometer. Microwave irradiation was carried out with a CEM Discover instrument and with a
Whirlpool Vip20 household microwave oven. TLC was conducted on Merck silica gel 60 F254 plates
and visualized with UV light and a mixture of isovanillin and sulfuric acid in ethanol. Estrone was
purchased from Steraloids. D2O (99.9%), LiAlD4, 40% NaOD in D2O, and trifluoroacetic anhydride
were purchased from Aldrich. MeOD was purchased from Eur-Isotop. THF was obtained from JT
Baker and dried with continuous reflux with sodium and benzophenone as indicator. 2-Hydroxyestrone
10 and 4-hydroxyestrone 14 were synthesized according to Stubenrauch and Knuppen.180 The 1H and
13C NMR spectra of 4-OHE1 values were in agreement with literature spectra.224 2-Methoxyestrone 11
was purchased from Sigma. CF3COOD was prepared by refluxing 1 eq trifluoroacetic anhydride in 2 eq
of D2O for 30 min.
In deuterium labeling, the sites of deuterium atoms can be determined by comparing 1H NMR and 13C
NMR spectra with spectra of the unlabeled compound. In 13C NMR, carbon attached to one deuterium
produces a low intensity triplet and carbon with two deuteriums a quintet since the spin of deuterium is
1.
5.2 Deuterations of estrone
5.2.1 DCl in MeOD
Estrone 1 (30 mg) was placed in a 10-ml Pyrex tube, and 1 ml of MeOD and 0.05 ml of 37% DCl in
D2O were added. The tube was sealed with a septum. The mixture was microwave irradiated with 10 W
for 2 min. After irradiation, MeOD was evaporated and back-exchange of –OD to –OH was performed
by dissolving the residue in ethanol and evaporating it. The yield was quantitative.
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5.2.2 D2SO4 in MeOD
Estrone 1 (30 mg) was placed in a 10-ml Pyrex tube, and 1 ml of MeOD and 0.02 ml of 98% D2SO4 in
D2O were added. The tube was sealed with a septum. The mixture was microwave irradiated with 50 W
for 2 min. After irradiation, 2 ml of D2O was added and the mixture was extracted with ether, washed
with water and dried with anhydrous Na2SO4. The solvent was evaporated and the yield of 2,4,16,16-
d4-estrone 16 was 79%.
5.2.3 NaOD in MW
Estrone 1 (20 mg) was placed in a 10-ml Pyrex tube, and 1.8 ml of D2O, 0.01 ml of 40% NaOD in
D2O, and 1 mg of hexadecyltributyl phosphonium bromide
225 were added. The tube was sealed with a
septum. The mixture was microwave irradiated at 110°C for 10 min. After irradiation the mixture was
acidified with 2 M H2SO4 and the white precipitate was collected by filtration. The yield was 75%.
5.2.4 NaOD
Estrone 1 (20 mg), 40% NaOD in D2O (0.01 ml), D2O (2 ml), and hexadecyltributyl phosphonium
bromide (1 mg) were placed in a steel autoclave. Before sealing, the autoclave was flushed with argon.
The autoclave was placed into a 100°C oil bath and heated for 72 hours. After cooling, the mixture was
acidified with 30% H2SO4 in D2O and the white precipitate was collected by filtration. The yield was
80%.
5.3 Deuterations of estrone 2- and 4-metabolites
5.3.1 General procedure for CF3COOD deuteration
The oxoestrogen (10 mg, 0.03 mmol) was placed in a Teflon™ tube and 0.57 ml (200 eq) of CF3COOD
was added. The tube was heated in a microwave oven with 650 W for 2 x 3 min with addition of a fresh
portion of CF3COOD. After irradiation the solution was evaporated to dryness. The back-exchange of
–OD to –OH was performed by dissolving the residue in ethanol and evaporating it.
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5.3.2 General procedure for LiAlD4 reduction
A d4-oxoestrogen (10 mg) was dissolved in 1.5 ml of dry THF, the flask was flushed with argon, and 5
eq LiAlD4 was added. The mixture was stirred at room temperature for 2.5 hours. 5 ml of saturated
NH4Cl and 5 ml of water were added, and the mixture was extracted four times with diethyl ether. The
organic phase was washed with water, dried with Na2SO4, and evaporated to dryness.
1,4,16,16-d4-2-Hydroxyestrone 39
1H-NMR (CDCl3) δH 2.8 (H-6, 2H, m), 1.4-2.4 (11H, m), 0.91 (CH3, 3H, s).
13C-NMR (CDCl3) δC 13.9 (C-18), 21.6 (C-15), 26.0 (C-11), 26.5 (C-7), 28.8 (C-6), 31.5 (C-12), 36
(m, C-16), 38.3 (C-8), 44.0 (C-9), 48.2 (C-13), 50.4 (C-14), 112 (t, C-1), 116 (t, C-4), 128.7 (C-5),
132.0 (C-10), 141.8 (C-3), 141.9 (C-2), 221.4 (C-17).
1,4,16,16,17α-d5-2-Hydroxyestradiol 40
1H-NMR (CDCl3) δH 6.81 (s, 1H, H-1), 6.58 (s, 1H, H-4), 5.18 (bs, 1H, ArOH), 3.75 (t, 1H, H-17α),
3.50 (s, 1H, OH), 2.77 (m, 2H, H-6), 0.78 (s, 3H, CH3)
13C-NMR (CDCl3) δC 11.1 (C-18), 23.1 (C-15), 26.4 (C-11), 27.3 (C-7), 28.9 (C-6), 30.6 (C-16), 36.7
(C-12), 38.7 (C-8), 43.2 (C-13), 43.9 (C-9), 49.9 (C-14), 81.9 (C-17), 112.4 (C-1), 115.4 (C-4), 129.1
(C-5), 132.9 (C-10), 141.2 (C-3 and C-2).
1,2,16,16-d4-4-Hydroxyestrone 41
1H-NMR (CDCl3) δH 2.92 (1H, dd, 6α-H), 2.67 (1H, m, 6β-H) 1.4-2.4 (11H, m), 0.91 (3H, s, -CH3)
13C-NMR (CDCl3) δC 13.8 (C-18), 21.6 (C-15), 23.2 (C-6), 26.0 (C-7, C-11), 31.6 (C-12), 35.9 (m, C-
16), 37.8 (C-8), 44.1 (C-9), 47.8 (C-13), 50.4 (C-14), 113 (t, C-2), 117 (t, C-1), 123.5 (C-10), 133.5 (C-
5), 140.7 (C-4), 141.4 (C-3), 221.2(C-17).
1,2,16,16,17α-d5-4-Hydroxyestradiol 42
1H-NMR (CDCl3) δH 2.92 (1H, dd, 6α-H), 2.67 (1H, m, 6β-H) 1.4-2.4 (11H, m), 0.91 (3H, s, -CH3);
13C-NMR (CDCl3) δC 11.0 (C-18), 22.9 (C-15), 23.3 (C-6), 26.6 (C-7, C-11), 30.3 (C-12), 35.9 (m, C-
16), 37.8 (C-8), 44.0 (C-9), 47.8 (C-13), 50.0 (C-14), 82 (m), 113 (t, C-2), 117 (t, C-1), 123.5 (C-10),
133.8 (C-5), 140.6 (C-4), 141.2 (C-3).
1,4,16,16-d4-2-Methoxyestrone 43
1H-NMR (CDCl3) δH 3.86 (3H, s, -OCH3), 2.8 (2H, m, H-6), 1.4-2.4 (11H, m), 0.92 (3H, s, -CH3)
13C-NMR (CDCl3) δC 13.8 (C-18), 21.4 (C-15), 26.2 (C-11), 26.6 (C-7), 28.8 (C-6), 31.6 (C-12), 35
(m, C-16), 38.4 (C-8), 44.3 (C-9), 48.0 (C-13), 50.4 (C-14), 56.1 (-OCH3), 108 (t, C-1), 114 (t, C-4),
129.2 (C-5), 131.1 (C-10), 143.6 (C-3), 144.6 (C-2), 221.1 (C-17).
1,4,16,16,17α-d5-2-Methoxyestradiol 44
1H-NMR (CDCl3) δH   3.86 (3H, s, -OCH3), 2.77 (2H, m, H-6), 1.2-2.3 (11H, m), 0.79 (3H, s, -CH3)
13C-NMR (CDCl3) δC 11.1 (C-18), 23.1 (C-15), 26.6 (C-11), 27.3 (C-7), 29.0 (C-6), 30.7 (C-16), 36.8
(C-12), 38.8 (C-8), 43.3 (C-13), 44.3 (C-9), 50.1 (C-14), 56.1 (-OCH3), 81.9 (C-17), 108 (m, C-1), 114
(m, C-4), 129.6 (C-5), 131.8 (C-10), 143.5 (C-3), 144.6 (C-2).
58
6. REFERENCES
1. Gruber, C. J., Tschugguel, W., Schneeberger, C., and Huber, J. C. N. Production and actions
of estrogens. N. Engl. J. Med. 2002, 346, 340-352.
2. Kuiper, G. G. J. M., Enmark, E., Pelto-Huikko, M., Nilsson, S., and Gustafsson, J-Å. Cloning
of a novel estrogen receptor expressed in rat prostate and ovary. Proc. Natl. Acad. Sci. USA
1996, 93, 5925-5930.
3. de Ronde, W., Pols, H. A. P., van Leeuwen, J. P. T. M., and de Jong, F. H. The importance of
oestrogens in males. Clin. Endocrinol. 2003, 58, 529-542.
4. Lange, I. G., Hartel, A., and Meyer, H. H. D. Evolution of oestrogen functions in vertebrates.
J. Steroid Biochem. Mol. Biol. 2003, 83, 219-226.
5. Jones, J. L., and Roddick, J. G. Steroidal estrogens and androgens in relation to reproductive
development in higher plants. J. Plant Physiol. 1988, 133, 156-163.
6. Terreaux, C, Polasek, J., and Hostettmann, K. Plant constituents with hormonal effects, Curr.
Org. Chem. 2003, 7, 1151-1161.
7. Butenandt, A. The discovery of oestrone, Trends Biochem. Sci. 1979, 215-216.
8. Adam, N. K., Danielli, J. F., Dodds, E. C., King, H., Marrian, G. F., Parkes, A. S., and
Rosenheim, O. Nomenclature of œstrin group. Nature 1933, 132, 205-206.
9. Anner, G., and Miescher, K. Die Totalsynthese des natürlichen Östrons Experentia 1948, 6,
25-26.
10. Lakhani, N. J., Sarkar, M. A., Venitz, J., and Figg, W. D. 2-Methoxyestradiol, a promising
anticancer agent. Pharmacotherapy 2003, 23, 160-172.
11. Bennink, H. J. T. C. Are all estrogens the same? Maturitas, 2004, 47, 269-275.
12. Writing Group for the Women's Health Initiative Investigators, Risks and benefits of estrogen
plus progestin in healthy postmenopausal women. JAMA 2002, 288, 321-333.
13. Turgeon, J. L., McDonnell, D. P., Martin, K. A., and Wise, P. M. Hormone therapy:
Physiological complexity belies therapeutic simplicity. Science 2004, 304, 1269-1273.
14. Zhang, F., Yao, D., Hua, Y., van Breemen, R. B., and Bolton, J. L. Synthesis and reactivity of
the catechol metabolites from the equine estrogen, 8,9-dehydroestrone. Chem. Res. Toxicol.
2001, 14, 754-763.
15. Moss, G. B. Nomenclature of steroids. Pure & Appl. Chem. 1989, 61, 1783-1822.
16. Ackerman, G. E., and Carr, B. R. Estrogens. Rev. Endocrin. Metab. Disorders 2002, 3, 225-
230.
59
17. Morand, P. and Lyall, J. The steroidal estrogens. Chem. Rev. 1968, 68, 85-124.
18. Simpson, E., Rubin, G., Clyne, C., Robertson, K., O'Donnell, L., Davis, S., and Jones, M.
Local estrogen biosynthesis in males and females. Endocr.-Relat. Cancer 1999, 6, 131-137.
19. Lippert, T. H., Seeger, H., and Mueck, A. O. The impact of endogenous estradiol metabolites
on carcinogenesis. Steroids 2000, 65, 357-369.
20. Pasqualini, J. R. The selective estrogen enzyme modulators in breast cancer: a review.
Biochim. Biophys. Acta 2004, 1654, 123-143.
21. Joosten, H. F. P., van Acker, F. A. A., van den Dobbelsteen, D. J., Horbach, G. J. M. J., and
Krajnc, E. I. Genotoxicity of hormonal steroids. Toxicol. Lett. 2004, 151, 113-134.
22. Zhu, B. T., and Conney, A. H. Functional role of estrogen metabolism in target cells: review
and perspectives. Carcinogenesis 1998, 19, 1-27.
23. Lee, A. J., Cai, M. X., Thomas, P. E., Conney, A. H., and Zhu, B. T. Characterization of the
oxidative metabolites of 17β-estradiol and estrone formed by 15 selectively expressed human
cytochrome P450 isoforms. Endocrinology 2003, 144, 3382-3398.
24. Adlercreutz, H., Gorbach, S. L., Goldin, B. R., Woods, M. N., Dwyer, J. T., and Hämäläinen,
E. Estrogen metabolism and excretion in oriental and caucasian women. J. Natl. Cancer Inst.
1994, 86, 1076-1082.
25. Giese, R. W. Measurement of endogenous estrogens: analytical challenges and recent
advances, J. Chromatogr. A 2003, 1000, 401-412.
26. Fowke, J. H., Qi, D., Bradlow, L., Shu, X-O., Gao, Y-T., Cheng, J-R., Jin, F., and Zheng, W.
Urinary estrogen metabolites and breast cancer: differential pattern of risk found with pre-
versus post treatment collection, Steroids, 2003, 68, 65-72.
27. Falk, R. T., Rossi, S. C., Fears, T. R., Sepkovic, D. W., Migella, A., Adlercreutz, H.,
Donaldson, J., Bradlow, H. L., and Ziegler, R. G. A new ELISA kit for measuring urinary 2-
hydroxyestrone, 16α-hydroxyestrone, and their ratio: reproducibility, validity, and assay
performance after freeze-thaw cycling and preservation by boric acid. Cancer Epidemiol.
Biomark. Prev. 2000, 9, 81-87.
28. Meilahn, E. N., De Stavola, B., Allen, D. S., Fentiman, I., Bradlow, H. L., Sepkovic, D. W.,
and Kuller, L. H. Do urinary oestrogen metabolites predict breast cancer? Guernsey III cohort
follow-up. Br. J. Cancer 1998, 78, 1250-1255.
29. Muti, P., Bradlow, L., Micheli, A., Krogh, V., Freudenheim, J. L., Schünemann, H. J.,
Stanulla, M., Yang, J., Sepkovic, D. W., Trevisan, M., and Berrino, F. Estrogen metabolism
60
and risk of breast cancer: a prospective study of the 2:16α-hydroxyestrone ratio in
premenopausal and postmenopausal women. Epidemiology 2000, 11, 635-640.
30. Li, K-M., Todorovic, R., Devanesan, P., Higginbotham, S., Köfeler, H., Ramanathan, R.,
Gross, M. L., Rogan, E. G., and Cavalieri, E. L. Metabolism and DNA binding studies of 4-
hydroxyestradiol and estradiol-3,4-quinone in vitro and in female ACI rat mammary gland in
vivo. Carcinogenesis 2004, 25, 289-297.
31. Rogan, E. G., Badawi, A. F. R., Devanesan, P. D., Meza, J. L., Edney, J. A., West, W. W. P.,
Higginbotham, S. M., and Cavalieri, E. L. Relative imbalances in estrogen metabolism and
conjugation in breast tissue of women with carcinoma: potential biomarkers of susceptibility
to cancer. Carcinogenesis 2003, 24, 697-702.
32. Zhu, B. T., and Conney, A. H. Is 2-methoxyestradiol an endogenous estrogen metabolite that
inhibits mammary carcinogenesis, Cancer Res. 1998, 58, 2269-2277.
33. Fotsis, T., Zhang, Y., Pepper, M. S., Adlercreutz, H., Montesano, R., Nawroth, P. P., and
Schweigerer, L. The endogenous oestrogen metabolite 2-methoxyoestradiol inhibits
angiogenesis and suppresses tumour growth. Nature 1994, 368, 237-239.
34. http://www.entremed.com, 17.5.2005
35. Zacharia, L. C., Piché, C. A., Fielding, R. M., Holland, K. M., Allison, S. D., Dubey, R. K.,
and Jackson, E. K. 2-Hydroxyestradiol is a prodrug of 2-methoxyestradiol. J. Pharmacol. Exp.
Ther. 2004, 309, 1093-1097.
36. Djerassi, C, Wilson J. M., Budzikiewicz, H., and Chamberlin, J. W. Mass spectrometry in
structural and stereochemical problems. XIV. Steroids with one or two aromatic rings. J. Am.
Chem. Soc. 1962, 84, 4544-4552.
37. Murphy, R. C. Facile synthesis of deuterated estrogens. Steroids 1974, 24, 343-350.
38. Makin, H. L. J., Trafford, D.J. H., and Nolan, J. Mass Spectra and GC Data of Steroids.
Wiley-VCH Verlag Gmbh, Weinheim, 1998.
39. Hughes, D. W., Application of relayed coherence transfer two-dimensional nuclear magnetic
resonance spectroscopy to the assignment of 1H chemical shifts in steroids. Magn. Res Chem.
1988, 26, 214-223.
40. Blunt, J. W., and Stothers, J. B., 13C N.m.r. spectra of steroids –A survey and commentary.
Organic Magn. Reson. 1977, 9, 439-464.
41. Smith, W. B. A question of assignments in the 13C NMR of estrone and related structures.
Magn. Res. Chem. 1990, 28, 1002-1003.
61
42. López de Alda, M. J., and Barceló, D. Review of analytical methods for the determination of
estrogens and progestogens in waste waters. Fresenius J. Anal. Chem. 2001, 371, 437-447.
43. Petrovic, M., Eljarrat, E., López de Alda, M. J., and Barceló, D. Recent advances in the mass
spectrometric analysis related to endocrine disrupting compounds in aquatic environmental
samples. J. Chromatogr. A 2002, 974, 23-51.
44. Nelson, R. E., Grebe, S. K., O'Kane D. J., and Singh, R. J. Liquid chromatography-tandem
mass spectrometry assay for simultaneous measurement of estradiol and estrone in human
plasma. Clin. Chem. 2004, 50, 373-384.
45. Wudy, S. A. and Hartmann, M. F. Gas chromatography-mass spectrometry profiling of
steroids in times of molecular biology. Hormone Metab. Res. 2004, 36, 415-422.
46. Fotsis, T. and Adlercreutz, H. The multicomponent analysis of estrogens in urine by ion
exchange chromatography and GC-MS-I. Quantitation of estrogens after initial hydrolysis of
conjugates. J. Steroid Biochem. 1987, 28, 203-13.
47. Adlercreutz, H. Biomedical application of the mass spectrometry of steroid hormones,
Advances in Mass Spectrometry vol 8. Ed. Quayle, A., Heyden, London 1980, 1165-1179.
48. Zamecnik, J., Armstrong, D. T., and Green, K. Serum estradiol-17β as determined by mass
fragmentography and by radioimmunoassay. Clin. Chem. 1978, 24, 627-630.
49. Xiao, X., M., and McCalley, D. Quantitative analysis of estrogens in human urine using gas
chromatography/negative chemical ionisation mass spectrometry. Rapid Commun. Mass.
Spectrom. 2000, 14, 1991-2001.
50. Homma, K., Hasegawa, T., Masumoto, M., Takeshita, E., Watanabe, K., Chiba, H., Kurosawa,
T., Takahashi, T., and Matsuo, N. Reference values for urinary steroids in Japanese newborn
infants: gas chromatography/mass spectrometry in selected ion monitoring. Endocrine J. 2003,
50, 783-792.
51. Akre, C., Fedeniuk, R., and MacNeil, J. D. Validation of simple, sensitive, method for the
determination of β-estradiol in bovine urine using gas chromatography negative-ion chemical
ionisation mass spectrometry. Analyst 2004, 129, 145-149.
52. Dehennin, L., Reiffsteck, A., and Scholler, R. Simple methods for the synthesis of twenty
different, highly enriched deuterium labelled steroids, suitable as internal standards for isotope
dilution mass spectrometry. Biomed. Mass Spectrom. 1980, 7, 493-499.
62
53. Leis, H. J., Fauler, G., Rechberger, G. N., and Windisschhofer, W. Quantitative trace analysis
of estriol in human plasma byt negative ion chemical ionization gas chromatography-mass
spectrometry using a deuterated internal standard. J. Chromatogr. B 2003, 794, 205-213.
54. Zacharia, L. C., Dubey, R. K., and Jackson, E. K. A gas chromatography/mass spectrometry
assay to measure estradiol, catecholestradiols, and methoxyestradiols in plasma. Steroids
2004, 69, 255-261.
55. Wu, H., Ramsay, C., Ozaeta, P., Liu, l., and Aboleen, H. Serum estradiol quantified by isotope
dilution-gas chromatography/mass spectrometry. Clin. Chem. 2002, 48, 364-366.
56. Fedeniuk, R. W., Boison, J. O., and MacNeil, J. D. Validation of a gas chromatography-mass
spectrometry method for the determination of pg/ml levels of 17β-estradiol and 17β-
trenbolone in bovine serum. J. Chromatogr. B 2004, 802, 307-315.
57. Choi, M. H., Kim, K. R., and Chung, B. C. Determination of estrone and 17β-estradiol in
human hair by gas chromatography-mass spectrometry. Analyst 2000, 125, 711-714.
58. Díaz-Cruz, M. S., López de Alda, M. J., López, R., and Barceló, D. Determination of
estrogens and progestogens by mass spectrometric techniques (GC/MS, LC/MS and
LC/MS/MS). J. Mass Spectrom.  2003, 38, 917-923.
59. Xu, X., Keefer, L. K., Waterhouse, D. J., Saavedra, J. E., Veenstra, T. D., and Ziegler, R. G.
Measuring seven endogenous ketolic estrogens simultaneously in human urine by high-
performance liquid chromatography-mass spectrometry. Anal. Chem. 2004, 76, 5829-5836.
60. Xu, X., Ziegler, R. G., Waterhouse, D. J., Saavedra, J. E., and Keefer, L. K. Stable isotope
dilution high-performance liquid chromatography-electrosprey ionization mass spectrometry
method for endogenous 2- and 4-hydroxyestrones in human urine. J. Chromatogr. B 2002,
780, 315-330.
61. Debrauwer, L., Rathahao, E., Jouanin, I., Paris, A., Clodic, G., Molines, H., Convert, O.,
Fournier, F., and Tabet, J. C. Investigation of the regio- and stereoselectivity of
deoxyguanosine linkage to deuterated 2-hydroxyestradiol by using liquid
chromatography/ESI-ion trap mass spectrometry. J. Am. Soc. Mass Spectrom. 2003, 14, 364-
372.
62. Geisler, J., Berntsen, H., and Lønning, P. E. A novel HPLC-RIA method for the simultaneous
detection of estrone, estradiol and estrone sulphate levels in breast cancer tissue. J. Steroid
Biochem. Mol. Biol. 2000, 72, 259-264.
63
63. Zhang, H., and Henion, J. Quantitative and qualitative determination of estrogen sulfates in
human urine by liquid chromatography/tandem mass spectrometry using 96-well technology.
Anal. Chem. 1999, 71, 3955-3964.
64. Lakhani, N. J., Sparreboom, A., Dahut, W. L., Venitz, J., and Figg, W. D. Determination of
the angiogenesis agent 2-methoxyestradiol in human plasma by liquid chromatography with
ultraviolet detection. J. Chromatogr. B 2004, 806, 289-293.
65. Meltola, N., Jauria, P., Saviranta, P., and Mikola, H. Synthesis of novel europium-labeled
estradiol derivatives for time-resolved fluoroimmunoassays. Bioconjugate Chem. 1999, 10,
325-331.
66. Tanaka, T., Takeda, H., Ueki, F., Obata, K., Tajima, H., Takeyama, H., Goda, Y., Fujimoto,
S., and Matsunaga, T. Rapid and sensitive detection of 17β-estradiol in environmental water
using automated immunoassay system with bacterial magnetic particles. J. Biotechnol. 2004,
108, 153-159.
67. Taieb, J., Benattar, C., Birr, A. S., and Lindenbaum, A. Limitations of steroid determination
by direct immunoassay. Clin. Chem. 2002, 48, 583-585.
68. Stanczyk, F. Z., Cho, M. M., Endres, D. B., Morrison, J. L., Patel, S. and Paulson, R. J.
Limitations of direct estradiol and testosterone immunoassay kits. Steroids 2003, 68, 1173-
1178.
69. Cao, Z., Swift, T. A., West, C. A., Rosano, T. G., and Rej, R. Immunoassay of estradiol:
unanticipated suppression by unconjugated estriol. Clin. Chem. 2004, 50, 160-165.
70. Thienpont, L. M., and De Leenheer, A. P. Efforts by industry toward standardization of serum
estradiol-17β measurements. Clin. Chem. 1998, 44, 671-674.
71. Tserng, K-Y., Danish, R. K., and Bendt, J. S. Rapid simultaneous assay of serum estrone,
estradiol, and estriol in pregnant women using methyl ether acetate derivatives by capillary
gas chromatography and electron-impact mass spectrometry. J. Chromatogr. Biomed. Appl.
1983, 272, 233-241.
72. Adlercreutz, H., and Fotsis, T. Comment on altered hydroxylation of estrogen in patients with
postmenopausal osteopenia. J. Clin. Endocrinol. Metab. 1998, 83, 4170-4171.
73. Pinkus, J. L., Charles, D., and Chattoraj, S. C. Deuterium-labeled steroids for study in humans
I. Estrogen production rates in normal pregnancy. J. Biol. Chem. 1971, 246, 633-636.
64
74. Dehennin, L. Estradiol-17β-determined in plasma by gas chromatography-mass spectrometry
with selected ion monitoring of mixed silyl ether-perfluoroacyl ester derivatives and use of
various stable-isotope-labeled internal standards. Clin. Chem. 1989, 35, 532-536.
75. Junk, T., and Catallo, W. J. Hydrogen isotope reactions involving C-H (D, T) bonds. Chem.
Soc. Rev. 1997, 26, 401-406.
76. Leis, H. J., Fauler, G., and Windischhofer, W. Stable isotope labeled target compounds:
Preparation and use as internal standards in quantitative mass spectrometry. Current Org.
Chem. 1998, 2, 131-144.
77. Thomas, A. F. Deuterium Labeling in Organic Chemistry, Appleton Century Crofts, New
York, 1971.
78. Johnson, D. W., Phillipou, G., and Seamark, R. F. Deuterium labelled steroid hormones:
synthesis and applications in quantitation and endocrinology. J. Steroid Biochem. 1981, 14,
793-800.
79. Wudy, S. A. Synthetic procedures for the preparation of deuterium-labeled analogs of
naturally occurring steroids. Steroids 1990, 55, 463-471.
80. Urey, H. C., Brickwedde, F. G., and Murphy, G. M. A hydrogen isotope of mass 2. Phys. Rev.
1932, 39, 164-165.
81. Ingold. C. K., Raisin, C. G., and Wilson, C. L. Structure of benzene. Part II. Direct
introduction of deuterium into benzene and the physical properties of hexadeuterobenzene. J.
Chem. Soc. 1936, 915-925.
82. Pearlman, W. H., and Pearlman, M. R. J. Preparation of 6,7-d2-estrone acetate. J. Am. Chem.
Soc. 1950, 72, 5781.
83. Pearlman, W. H., Pearlman, M. R. J., and Rakoff, A. E. Estrogen metabolism in human
pregnancy; a study with the aid of deuterium. J. Biol. Chem. 1954, 209, 803-812.
84. Nolin, B., and Jones, R. N. The preparation of some steroids containing deuterium. Can. J.
Chem. 1952, 30, 727-733.
85. Tökés, L. and Throop, L. J., in Organic Reactions in Steroid Chemistry Vol 1, ed. Fried, J. and
Edwards, J. A., Van Nostrand Reinhold Company, New York 1972, p. 157.
86. Geiss, W. B., Coutts, L. D., Pilling, G. M., and D'Ambra, T. E. Synthesis of equilenin-d4 and
equilin-d4, Albany Molecular Research, Inc. Technical Reports. 1997, 1, 1-5.
http://www.albmolecular.com/features/tekreps/vol01/no01/ 17.5.2005
65
87. Cagle, M. D. I. Stereoselective exchange of ketone a-protons in trifluoroacetic acid-d. II.
Synthesis of estrogenic steroid homologs, Ph.D. thesis, Oklahoma State University 1993.
88. Dallinga G., Smit, P. J., and Mackor, E. L. Redistribution of charge in naphthalene caused by
methyl substitution. I. Partial rate factors for H-D exchange in 1,1- and 2,2-
dimethylnaphthalenes. Mol. Phys. 1960, 3, 130-136.
89. Colpa, J. P., MacLean, C. and Mackor, E. L. Ions of odd alternant systems: proton complexes
of aromatic hydrocarbons. Tetrahedron 1963, 19, 65-88.
90. Timmonds, M. L., Pitt, C. G., and Wall, M. E. Deuteration and tritiation of ∆8 and ∆9-
tetrahydrocannabinol. The use of trifluoroacetic acid as a convenient labelling reagent.
Tetrahedron Lett. 1969, 10, 3129-3132.
91. Weinberg, D. S., and Djerassi, C. Mass spectrometry in structural and stereochemical
problems. LXXXVIII. Rearrangements of simple terpenes on electron impact. J. Org. Chem.
1966, 31, 115-119.
92. Eisenbraun, E.J., Dewprashad, B., Geno, P. W., and Taylor, A. R. Synthesis of 2,5,8-
trimethyl-3,4-dihydro-1(2H)-naphthalenone-2-d and 3,5,8-trimethyl-3,4-dihydro-1(2H)-
naphthalenone-2,2-d2. J. Labelled Compd. Radiopharm. 1990, 28, 25-28.
93. Dewprashad, B. Trifluoroacetic acid-d as a deuterium exchange solvent for ketones. Ph.D.
thesis, Oklahoma State University 1989.
94. Wähälä, K., Mäkelä, T., Bäckström, R., Brunow, G., and Hase, T. Synthesis of the [2H]-
labelled urinary lignans, enterolactone and enterodiol, and the phytoestrogen daidzein and its
metabolites equol and O-demethylangolensin. J. Chem. Soc. Perkin Trans 1 1986, 95-98.
95. Fodor-Csorba, K., Galli, C., Holly, S., and Cács-Baitz, E. Microwave-assisted deuterium
exchange reactions for the preparation of reactive intermediates. Tetrahedron Lett. 2002, 43,
3789-3792.
96. Fishman, J. The synthesis and nuclear magnetic reconance spectra of epimeric 16-deuterio-
17β- and -17α-estradiols. J. Am. Chem. Soc. 1965, 87, 3455-3460.
97. Massey, I. J., and Tökés, L. Synthesis of [16,16,17α-2H3] estradiol, and [14α,15,15-
2H3]
estrone of high isotopic purity. J. Labelled Compd. Radiopharm. 1981, 28, 1535-1544.
98. Block, J. H. and Djerassi, C. Selective deuterium labeling of steroidal estrogens. Steroids
1973, 22, 591-596.
66
99. Garnett, J. L., and O'Keefe, J. H. Labelling of steroids by exchange with isotopic water on
heterogeneous platinum and palladium: methods for overcoming competing oxidation. J.
Labelled Compd. 1975, 11, 177-200.
100. Garnett, J. L., and O'Keefe, J. H. Isotopic hydrogen labelling of steroids by homogeneous
platinum catalyzed exchange. J. Labelled Compd. 1975, 11, 201-222.
101. Vining, R. F., Smythe, G. A., and Long, M. A. Deuterium exchange labelling of biologically
important phenols, indoles and steroids. J. Labelled Compd. Radiopharm. 1981, 18, 1683-
1692.
102. Albrecht, B. H., and Hagerman, D. D. Improved procedures for the preparation of 2,4-
dibromoestriol and dideuterioestriol, Steroids 1972, 19, 177-180.
103. Nambara, T., Kurata, M., and Goto, J. Studies on steroid conjugates. XIII. Synthesis of
2,4,17α-d3-estriol 3-glucuronoside. Chem. Pharm. Bull. 1974, 22, 3002-3005.
104. Numazawa, M., Nagaoka, M., and Ogata, M. Synthesis of deuterium-labelled estriol, 16α-
hydroxyestrone and estriol 16-glucuronide via 2,4,16α-tribromoestrone as internal standards
for mass fragmentography. Chem. Pharm. Bull. 1984, 32, 618-622.
105. Ferraboschi, P., Ravasi, M., and Santaniello, E. Synthesis of C-2 and C-4 deuterium-labeled
estradiol-17β. Steroids 1983, 41, 777-782.
106. Knuppen, R., Haupt, O., and Hoppen, H-O. Synthesis of [2H8] estradiol, [
2H7] estrone, [
2H6] 2-
hydroxyestrone and [2H6] 4-hydroxyestrone as internal standards for selected ion monitoring.
Steroids, 1982, 39, 697-673.
107. Gelbke. H. P., Haupt, O., and Knuppen, R. A simple chemical method for the synthesis of
catechol estrogens. Steroids, 1973, 21, 205-218.
108. Collins, D. J., and Sjövall, J. The structure and function of oestrogens. IV. Synthesis of 17α-
ethynyloestradiol specifically polydeuterated in ring C. Aust. J. Chem. 1983, 36, 339-360.
109. Collins, D. J. The structure and function of oestrogens. V. Synthesis of (9,12,12-2H3)- and
(11ξ,12,12-2H3)-oestradiol. Aust. J. Chem. 1983, 36, 403-407.
110. Hosoda, H., Yamashita, K., and Nambara, T. Stereospecific introduction of deuterium into
ring D of estrogens. Chem. Pharm. Bull. 1976, 24, 380-386.
111. Hayes, B. L. Microwave Synthesis, Chemistry at the Speed of Light. CEM Publishing,
Matthews, 2002.
112. Wathey, B., Tierney, J., Lidström, P., and Westman, J. The impact of microwave-assisted
organic chemistry on drug discovery. Drug Discov. Today 2002, 7, 373-380.
67
113. Ferguson, J. D. Focused™ microwave instrumentation from CEM Corporation. Mol. Divers.
2003, 7, 281-286.
114. Favretto, L. Milestone's microwave labstation. Mol. Divers. 2003, 7, 287-291.
115. Schanche, J-S. Microwave synthesis solutions from personal chemistry. Mol. Divers. 2003, 7,
293-300.
116. Nüchter, M., Ondruschka, B., Bonrath, W., and Gum, A. Microwave assisted synthesis – a
critical technology overview. Green Chem. 2004, 6, 128-141.
117. Gedye, R., Smith, F., Westaway, K., Ali, H., Baldisera, L., Laberge, L., and Rousell, J. The
use of microwave ovens for rapid organic synthesis. Tetrahedron Lett. 1986, 27, 279-282.
118. Giguere, R. J., Bray, T. L., and Duncan, S. M. Application of commercial microwave ovens to
organic synthesis. Tetrahedron Lett. 1986, 27, 4945-4948.
119. Caddick, S. Microwave assisted organic reactions. Tetrahedron 1995, 51, 10403-10432.
120. Lidström, P., Tierney, J., Wathey, B., and Westman, J. Microwave assisted organic synthesis –
a review. Tetrahedron 2001, 57, 9225-9283.
121. Loupy, A. Microwaves in organic synthesis. Wiley-VCH Verlag GmbH & Co., Weinheim,
Germany, 2002.
122. Adam, D. Out of the kitchen. Nature 2003, 421, 571-572.
123. Kappe, C. O. Controlled microwave heating in modern organic synthesis. Angew. Chem. Int.
Ed. 2004, 43, 6250-6284.
124. Elander, N., Jones, J. R., Lu, S-Y., and Stone-Elander, S. Microwave-enhanced
radiochemistry, Chem. Soc. Rev. 2000, 29, 239-249.
125. Barthez, J. M., Filikov, A. V., Frederiksen, L. B., Huguet, M-L., Jones, J. R., and Lu, S-Y.
Microwave-enhanced metal- and acid-catalysed hydrogen isotope exchange reactions. Can. J.
Chem. 1998, 76, 726-728.
126. Jones, J. R., Lockley, W. J. S., Lu, S-Y., and Thompson, S. P. Microwave-enhanced aromatic
dehalogenation studies: a rapid deuterium-labelling procedure. Tetrahedron Lett. 2001, 42,
331-332.
127. Chappelle, M. R., Kent, B. B., Jones, J. R., Lu, S-Y., and Morgan, A. D. Development of
combined microwave-enhanced labelling procedures for maximising deuterium incorporation.
Tetrahedron Lett. 2002, 43, 5117-5118.
128. Erb, W. T., Jones, J. R., and Lu, S-Y. Microwave enhanced deuteriations in the solid state
using alumina doped sodium borodeuteride. J. Chem. Res. (S) 1999, 728-729.
68
129. Einhorn, C., Einhorn, J., and Luche, J-L. Sonochemistry –the use of ultrasonic waves in
synthetic organic chemistry. Synthesis 1989, 787-813.
130. Cioffi, E. A., Alston, K. E., and Patel, A. M. Potential kinetic control of ultrasonic 1H-> 2H
isotopic exchange by transition metal doping of Raney-nickel® catalyst. Tetrahedron Lett.
2002, 43, 8985-8987.
131. Cioffi, E. A. Solvent-induced control of ultrasonic deuterium labelling, Tetrahedron Lett.
1996, 37, 6231-6234.
132. Saljoughian, M. Synthetic tritium labeling: reagents and methodologies. Synthesis 2002, 1781-
1801.
133. Wilzbach, K. E. Tritium-labeling by exposure of organic compounds to tritium gas. J. Am.
Chem. Soc. 1957, 79, 1013.
134. O'Donnell, V. J., and Pearlman, W. H. The preparation of [6:7-3H2]oestrogens. Biochem. J.
1958, 69, 38P-39P.
135. O'Donnell, V. J., Preedy, J. R. K., and Pearlman, W. H. The preparation of [6,7-
3H2]oestrogens. Biochem. J. 1964, 90, 527-532.
136. Fraser, A. D., Clark, S. J., and Wotiz, H. H. Preparation of tritiated substituted estratrienes. J.
Labelled Compd. Radiopharm. 1976, 12, 213-218.
137. Coombs, M. M., and Roderick, H. R. A convenient preparation of high specific activity
tritiated estrogens. Steroids 1968, 11, 925-934.
138. Simmonds, A. J. Exchange labelling strategies for tritiated steroids J. Labelled Compd.
Radiopharm. 1993, 33, 403-408.
139. Evans, E. A., Sheppard, H. C., Turner, J. C., and Warrell, D. C. A new approach to specific
labelling of organic compounds with tritium: Catalysed exchange in solution with tritium gas.
J. Labelled Compd. 1974, 10, 569-587.
140. Rao. P. N. Preparation of 9α,11ξ-tritiated 17α-ethynylestradiol, mestranol, estradiol-17β, and
norethindrone. Steroids 1971, 18, 219-229.
141. Brooks, R. A., Long, M. A., and Garnett, J. L. Rapid tritium labelling of steroids using
ethylaluminium chloride and boron tribromide catalysts. J. Labelled Compd. Radiopharm.
1982, 19, 659-667.
142. Ghanem, N. A., and Westermark, T. Unspecific tritium labelling accelerated by microwave,
alternating current and direct current electrical discharges and by ultraviolet radiation. J. Am.
Chem. Soc. 1960, 82, 4432-4433.
69
143. Tang, C. Z., and Peng, C. T. Labelling of steroids by activated tritium. J. Labelled Compd.
Radiopharm. 1988, 25, 585-601.
144. Tikkanen, M. J., Vihma, V., Jauhiainen, M., Höckerstedt, A., Helisten, H., and Kaamanen, M.
Lipoprotein-associated estrogens. Cardiovasc. Res. 2002, 56, 184-188.
145. Larner, J. M., Shackleton, C. H. L., Roitman, E., Schwartz, P.E., and Hochberg, R. B.
Measurement of estradiol-17-fatty acid esters in human tissues. J. Clin. Endocrin. Metab.
1992, 75, 195-200.
146. Pahuja, S. L., Kim, A. H., Lee, G., and Hochberg, R. B. Origin of estradiol fatty acid esters in
human ovarian follicular fluid. Biol. Reproduction 1995, 52, 625-630.
147. Höckerstedt, A., Jauhiainen, M., and Tikkanen, M. J. Lecithin/cholesterol acyltransferase
induces estradiol esterification in high-density lipoprotein, increasing its antioxidant potential.
J. Clin. Endocrinol. Metab. 2004, 89, 5088-5093.
148. Larner, J. M., Pahuja, S. L., Shackleton, C. H., McMurray, W. J., Giordano, G., and Hochberg,
R. B. The isolation and characterzation of estradiol-fatty acid esters in human ovarian
follicular fluid, J. Biol. Chem. 1993, 19, 13893-13899.
149. Girouard, M. P. Monounsaturated fatty acids of at least 20 carbon atoms and
perhydrocyclopentano-phenanthrene nucleus combination molecules and their use as weight-
loss agents. US 2003/0114431 A1, 19 Jun. 2003. 16 pp.
150. Sanchis, D., Balada, F., Farrerons, C., Virgili, J., del Mar Grasa, M., Adán, C., Esteve, M.,
Cabot, C., Ardévol, A., Vilá, R., Fernández-López, J. A., Remesar, X., and Alemany, M.
Structural determinants of oleoyl-estrone slimming effects. Life Sciences 1998, 62, 1349-1359.
151. Cullell-Young, M., and del Fresno, M. Oleoyl-Estrone, Antiobesity drug. Drugs Future 2002,
27, 648-654.
152. Mellon-Nussbaum, S. H., Ponticorvo, L., Schatz, F., and Hochberg, R. B. Estradiol fatty acid
esters. J. Biol. Chem. 1982, 257, 5678-5684.
153. Debrauwer, L., Paris, A., Rao, D., Fournier, F., and Tabet, J-C. Mass spectrometric studies on
17β-estradiol-17-fatty acid esters: Evidence for the formation on anion-dipole intermediates.
Org. Mass. Spectrom. 1992, 27, 709-719.
154. Numazawa, M., and Ogura, Y. Efficient synthesis of 2-methoxy- and 4-methoxyestrogens. J.
Chem. Soc., Chem. Commun. 1983, 533-534.
155. Rao, P. N. and Burdett Jr., J. E., A novel two-step synthesis of 2-methoxyestradiol. Synthesis
1977, 168-169.
70
156. Numazawa, M., Ogura, Y., Kimura, K., and Nagaoka, M. Synthesis of 2-methoxy- and 4-
methoxy-estrogens with halogen-methoxy exchange reactions. J. Chem. Res. (M) 1985, 3701-
3715.
157. Chen, S., Luo, G., Wu, X., Chen, M. and Zhao, H. A new synthetic route to 2- and 4-
methoxyestradiols by nucleophilic substitution. Steroids 1986, 47, 63-66.
158. Pert, D. J., and Ridley, D. D. An alternative route to 2-bromo and 2-iodo-estradiols from
estradiol. Aust. J. Chem. 1987, 40, 303-309.
159. Numazawa, M., Kimura, K., Ogata, M., and Nagaoka, M. Reductive dehalogenation of 2,4-
dihalogeno estrogens having a 3-hydroxy substituent by formic acid, potassium iodide, or
ascorbic acid. J. Org. Chem. 1985, 50, 5421-5423.
160. Page, P. C. B., Hussain, F., Maggs, J. L., Morgan, P., and Park, B. K. Efficient regioselective
A-ring functionalization of oestrogens. Tetrahedron 1990, 46, 2059-2068.
161. Cambie, R. C., Larsen, D. S., Rutledge, P. S., and Woodgate, P. D. Iodination of thallium(I)
salts of phenols. Aust. J. Chem. 1997, 50, 767-769.
162. Horiuchi, C. A., Haga, A., and Satoh, J. Y. Novel regioselective iodination of estradiol 17β-
acetate. Bull. Chem. Soc. Jpn. 1986, 59, 2459-2462.
163. Cushman, M., He, H-M., Katzenellebogen, J. A., Lin, C. M., and Hamel, E. Synthesis,
antitubulin and antimitotic activity, and cytotoxity of analogs of 2-methoxyestradiol, an
endogenous mammalian metabolite of estradiol that inhibits tubulin polymerization by binding
to the colchicine binding site. J. Med. Chem. 1995, 38, 2041-2049.
164. Santaniello, E., and Ferraboschi, P. Regioselective mercuriation of an estradiol derivative: a
facile entry to 2-substituted estrogens. J. Chem. Soc., Chem. Commun. 1981, 217.
165. von Hillmann-Elies, A., Hillmann, G., and Schiedt, U. 2-Jod-östron und 2-jod-östradiol. Z.
Naturforsch. B 1953, 436-440.
166. He, H-M., Fanwick, P. E., Wood, K., and Cushman, M. A novel 1,3 O ! C silyl shift and
deacylation reaction mediated by tetra-n-butylammonium fluoride in an aromatic system. J.
Org. Chem. 1995, 60, 5905-5909.
167. Dippelt, L., Gloning, K., and Kuss, E., Separation of A-ring iodinated oestrogens by isocratic
reversed-phase high-performance liquid chromatography. J. Chromatogr. 1986, 358, 268-273.
168. Porubek, D. J., Namkung, M. J., Juchau, M. R., and Nelson, S. D. Synthesis of [2-d] estradiol,
[4-d] estradiol, [2-t] estradiol and [4-t] estradiol with high specificity. J. Labelled Compd.
Radiopharm. 1984, 21, 703-711.
71
169. Lee, A. J., Sowell, J. W., Cotham, W. E., and Zhu, B. T. Chemical synthesis of two novel
diaryl ether dimers of estradiol-17β. Steroids 2004, 69, 61-65.
170. Slaunwhite Jr., W. R., and Neely, L. Bromination of phenolic steroids. I. Substitution of
estrone and 17β-estradiol in ring A. J. Org. Chem. 1962, 27, 1749-1751.
171. Page, P. C. B., Hussain, F., Bonham, N. M., Morgan, P., Maggs, J. L., and Park, B. K.
Regioselective synthesis of A-ring halogenated derivatives of 17α-ethynyloestradiol.
Tetrahedron 1991, 47, 2871-2878.
172. Schwenk, E., Castle, C. G., and Joachim, E. Halogenation of estrone and derivatives. J. Org.
Chem. 1963, 28, 136-145.
173. Zhang, B., Wang, H., Zhang, Q., Chen, Y., and Xia, P. An improved process for synthesis of
2-methoxyestradiol. Fudan Xuebao, Yixueban 2003, 30, 494-495., CAN 141:411136.
174. Numazawa, M., Nagaoka, M., Tsuji, M., and Osawa, Y. Novel and efficient synthesis of
estriol and its 16-glucuronide via 2,4,16α-tribromoestrone. J. Chem. Soc., Perkin Trans. 1
1983, 121-125.
175. Ali, H., and van Lier, J. E. Reaction of benzeneselenenyl halides with estrogens. J. Chem.
Soc., Perkin Trans 1 1991, 269-271.
176. Agoston, G. E., Treston, A. M., and Shah, J. H. Methods of obtaining 2-methoxyestradiol of
high purity. PCT WO 01/14405 A2, (C07J) 1 March 2001; 46 pp.
177. Kraychy, S. Synthesis of potential metabolites of estradiol. J. Am. Chem. Soc. 1959, 81, 1702-
1704.
178. Numazawa, M., and Kimura, K. Novel and regiospecific synthesis of 2-amino estrogens via
Zincke nitration. Steroids 1983, 41, 675-682.
179. Niederl, J. B. and Vogel, H. J. Estracatechol. J. Am. Chem. Soc. 1949, 71, 2566-2568.
180. Stubenrauch, G., and Knuppen, R. Convenient large scale preparation of catechol estrogens.
Steroids 1976, 28, 733-741.
181. Utne, T., Jobson, R. B., and Babson, R. D. The synthesis of 2- and 4-fluoroestradiol. J. Org.
Chem. 1968, 33, 2469-2473.
182. Patton, T. L. The synthesis of nitroestradiols. J. Org. Chem. 1959, 24, 1795-1796.
183. Santaniello, E., Ravasi, M., and Ferraboschi, P. A-ring nitration of estrone. J. Org. Chem.
1983, 48, 739-740.
184. Samajdar, S., Becker, F. F., and Banik, B. K. Surface-mediated highly efficient regioselective
nitration of aromatic compounds by bismuth nitrate. Tetrahedron Lett. 2000, 41, 8017-8020.
72
185. Cornélis, A., Laszlo, P., and Pennetreau, P. Nitration of estrone into 2-nitroestrone by clay-
supported ferric nitrate. J. Org. Chem. 1983, 48, 4771-4772.
186. Wang, Z., and Cushman, M. An optimized synthesis of 2-methoxyestradiol, a naturally
occurring human metabolite with anticancer activity. Synth. Commun. 1998, 28, 4431-4437.
187. Pert, D. J., and Ridley, D. D. Formylation of oestrogens. Aust. J. Chem. 1989, 42, 405-419.
188. Spyriounis, D. M., Rekka, E., Demopoulos, V. J., and Kourounakis, P. N. Cu(II) complex of
an estradiol derivative with potent anti-inflammatory properties. Arch. Pharm. 1991, 324, 533-
536.
189. Peters, R. H., Chao, W-R., Sato, B., Shigeno, K., Zaveri. N. T., and Tanabe, M. Steroidal
oxathiazine inhibitors of estrone sulfatase. Steroids 2003, 68, 97-110.
190. Lovely, C. J., and Brueggemeier, R. W. Synthesis of 2-substituted hydroxyalkyl and
aminoalkyl estradiols. Tetrahedron Lett. 1994, 35, 8735-8738.
191. Rao, P. N., and Cessac, J. W. A new, practical synthesis of 2-methoxyestradiols. Steroids
2002, 67, 1065-1070.
192. Nambara, T., Honma, S., Akiyama, S. Studies on steroid conjugates. III. New synthesis of 2-
methoxyestrogens. Chem. Pharm. Bull. 1970, 18, 474-480.
193. Fishman, J. Synthesis of 2-methoxyestrogens. J. Am. Chem. Soc. 1958, 80, 1213-1216.
194. Fishman, J., Tomasz, M., and Lehman, R. Catechol derivatives of estrogens. J. Org. Chem.
1960, 25, 585-588.
195. Le Bras, J., Rager, M. N., Besace, Y., Amouri, H., and Vaissermann, J. Activation and
regioselective ortho-functionalization of the A-ring of β-estradiol promoted by "Cp*Ir": An
efficient organometallic procedure for the synthesis of 2-methoxyestradiol. Organometallics
1997, 16, 1765-1771.
196. Paaren, H. E., and Duff, S. R. Synthesis of 2-hydroxyestradiol derivatives. US 6,448,419 B1,
Sep 10, 2002. 6 pp.
197. Teranishi, M., Kashihara, M., and Fujii, Y. Selective synthesis of 4-methoxyestrogen from 4-
hydroxyestrogen. Steroids 2001, 66, 615-621.
198. Stubenrauch, G., Haupt, O., and Knuppen, R. Synthesis of pyrogallolestrogens (2,3,4-
trihydroxy-1,3,5(10)-estratrienes) and their methyl ethers. Steroids 1977, 29, 849-859.
199. Saeed, M., Zahid, M., Rogan, E., and Cavalieri, E. Synthesis of the catechols of natural and
synthetic estrogens by using 2-iodoxybenzioc acid (IBX) as the oxidizing agent. Steroids
2005, 70, 161-172.
73
200. Xie, R., Deng, L., Gu, H., Fan, Y., and Zhao, H. A new synthetic route to 2-hydroxyl steroidal
estrogens via acetylation and Dakin oxidation. Steroids 1982, 40, 389-392.
201. Menzies, J. A., Toft, P., and Watanabe, H. Facile chemical synthesis of 2-hydroxyestrone-6,7-
3H. J. Labelled Compd. 1972, 8, 505-508.
202. Yoshizawa, I., Tamura, M., and Kimura, M. Simple preparation of catechol estrogen and its
derivatives. Chem. Pharm. Bull. 1972, 20, 1842-1843.
203. Kiuru, P., and Wähälä, K. A case study of microwave deuterations of estrone. Synthesis and
Applications of Isotopically Labelled Compounds, Proceedings of the International
Symposium, 8th, Boston, United States, June 1-5, 2003, 2004, 451-452.
204. Kiuru, P. S., Moilanen, J. T., and Wähälä, K. Synthesis of polydeuterated estrogens for GC-
MS analysis, Advances in Mass Spectrometry 1998, CO46610/1- CO46610/9.
205. Rasku, S., Wähälä, K., Koskimies, J., and Hase, T. Synthesis of isoflavonoid deuterium
labeled polyphenolic phytoestrogens. Tetrahedron 1999, 55, 3445-3454.
206. Chen, C. Estrane derivatives-I. Tetrahedron 1958, 3, 43-48.
207. Counsell, R.E. Isomeric estrane derivatives. Tetrahedron 1961, 15, 202-211.
208. Rapala, R. T., and Farkas, E. Preparation of a new class of steroids with unnatural
configuration. The 19-nor-5α,10α-series. J. Org. Chem. 1958, 23, 1404-1405.
209. Dirscherl, W. Katalytische Hydrierung des Follikelhormons und seiner Acylderivate. 8.
Mittailung über Sexualhormone und verwandte Stoffe. Hoppe-Seyler's Z. Physiol. Chem.
1936, 239, 53-66.
210. Rapala, R.T., and Farkas, E. Preparation of 5β,10β-estrane-3,17-dione and related derivatives
and proof of their configuration. J. Am. Chem. Soc. 1958, 80, 1008-1009.
211. Marker, R. E., and Rohrmann, E. Sterols. LXXXII. Estrane derivatives. J. Am. Chem. Soc.
1940, 62, 73-75.
212. Golubovskaya, L. E., and Pivnitskii, K. K. Simple synthesis of the complete set of the
norethisterone unconjugated metabolites and their deuteroanalogs. Bioorganicheskaya
Khimiya 1989, 15, 411-16., CAN 111:134630
213. Protiva, J., Klinotová, E., Filip, J., and Hampl, R. Synthesis of tritium- or deuterium labelled
19-nor-3α-hydroxy-5α-androstan-17-one from nortestosterone. Radiochem. Radioanal. Lett.
1982, 53, 277-284.
74
214. Kiuru, P., and Wähälä, K. Deuteration of estrogens using Pd/C as a catalyst, in Synthesis and
Applications of Isotopically Labelled Compounds 1997, ed. Heys, J. R., and Melillo, D. G.,
John Wiley & Sons Ltd., Chichester, UK, 1998, 475-477.
215. Kiuru, P., and Wähälä, K. Synthesis of deuterium labeled estrogen fatty acid esters, in
Synthesis and Applications of Isotopically Labelled Compounds, Proceedings of the
International Symposium 7th, Dresden, Germany, June 18-22, 2000, ed. Pleiss, U., and Voges,
R., John Wiley & Sons Ltd., Chichester, UK, 2001, 101-104.
216. Vazquez-Alcantara, M. A., Menjivar, M., Carcia, G. A., Diaz-Zagoya, J. C., and Garza-Flores,
J. Long-acting estrogenic responses of estradiol fatty acid esters, J. Steroid Biochem. 1989, 33,
1111-1118.
217. Kiuru, P., Wähälä, K., Vihma, V., and Tikkanen, M. J., Synthesis of 14C-labeled estrogen fatty
acid esters, in Synthesis and Applications of Isotopically Labelled Compounds, Proceedings of
the International Symposium 7th, Dresden, Germany, June 18-22, 2000, ed. Pleiss, U. and
Voges, R., John Wiley & Sons Ltd., Chichester, UK, 2001, 319-321.
218. Tedesco, R., Fiaschi, R., and Napolitano, E. 6-Oxoestradiols from estradiols: Exploiting site
selective metalation of arylalkyl systems with superbases. Synthesis 1995, 1493-1495.
219. Wähälä, K., Brunow, G., and Hase, T. A. Synthesis of deuterium labeled ethoxime for
derivatization of estrogens as stable-isotope internal standards in GC/MS-SIM determination.
Finn. Chem. Lett. 1987, 14, 198-201.
220. Fotsis, T. The multicomponent analysis of estrogens in urine by ion exchange chromatography
and GC-MS–II. Fractionation and quantitation of the main groups of estrogen conjugates. J.
Steroid Biochem. 1987, 28, 215-226.
221. Falk, R. T., Gail, M. H., Fears, T. R., Rossi, S. C., Stanczyk, F., Adlercreutz, H., Kiuru, P.,
Wähälä, K., Donaldson, J. L., Vaught, J. B., Fillmore, C-M., Hoover, R. N., and Ziegler, R. G.
Reproducibility and validity of radioimmunoassays for urinary hormones and metabolites in
pre- and postmenopausal women, Cancer Epidemiol. Biomark. Prev. 1999, 8, 567-577.
222. Ziegler, R. G., Rossi, S. C., Fears, T. R., Bradlow, H. L., Adlercreutz, H., Sepkovic, D., Kiuru,
P., Wähälä, K., Vaught, J. B., Donaldson, J. L., Falk, R. T., Fillmore, C-M., Siiteri, P. K.,
Hoover, R. N., and Gail, M. H. Quantifying estrogen metabolism: an evaluation of the
reproducibility and validity of enzyme immunoassays for 2-hydroxyestrone and 16α-
hydroxyestrone in urine. Environ. Health Perspect. 1997, 105, 607-614.
75
223. Vihma, V., Tiitinen, A., Ylikorkala, O., and Tikkanen, M. J. Quantitative determination of
estradiol fatty acid esters in lipoprotein fractions in human blood. J. Clin. Endocrin. Metab.
2003, 88, 2552-2555.
224. Majgier-Baranowska, H., Bridson, J. N., Marat, K., and Templeton, J. F. Synthesis of 4-
hydroxyestrogens from steroid 4,5-epoxides: thermal rearrangement of 4-chloro-4,5-epoxides.
J. Chem. Soc., Perkin 1 1998, 1967-1972.
225. Starks, C. M. Phase-transfer catalysis. I Heterogeneous reactions involving anion transfer by
quaternary ammonium and phosphonium salts. J. Am. Chem. Soc. 1971, 93, 195-199.
